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Abstract 
The effects of exposure to high temperatures has been investigated for PM300, a powder metallurgy 

composite solid lubricant composed of nickel-chromium, chromia, silver, and an alkaline earth fluoride. 
Specimens were exposed to 500 and 650 °C in air for time intervals up to 5,000 hr and then examined for 
changes in their microstructure, mass, size, and hardness. After heat exposure, the microstructure showed 
formation of precipitates within the nickel-chromium constituent, with a corresponding increase in mass, 
size, and hardness. The percent increase in mass and size followed a logarithmic curve, which provides 
guidance for heat treatment parameters. 

Introduction 
PM304 is a powder metallurgy version of PS304 composite solid lubricant composed of 60 w/o 

Ni-20Cr (80 w/o Ni – 20 w/o Cr), 20 w/o Cr2O3, 10 w/o Ag, and 10 w/o eutectic BaF2-CaF2 (ref. 1). This 
composite material is very stable thermo-chemically and, therefore, used in high temperature applications 
such as industrial furnace conveyors where conventional oil-based lubricants and traditional solid 
lubricants (e.g., molybdenum disulfide and graphite) are not functional. The Ni-20Cr and Cr2O3 
constituents in this material provide hard phases for wear resistance. The Ag and BaF2-CaF2 phases 
provide solid lubrication by deforming plastically in shear through a range of operating temperatures. The 
Ag constituent provides lubrication from room temperature to about 550 °C, while the BaF2-CaF2 is 
active as a lubricant from about 450 to above 900 °C (ref. 2). A forthcoming publication provides an 
excellent review of the historical development of PM300 as well as a report on its tribological 
performance (ref. 3). 

Bemis et al. investigated the effect of high temperature exposure on the microstructure and 
tribological performance of PM212, a cold isostatic pressed, liquid phase sintered precursor to PM300 
that was composed of 70 w/o Cr3C2, 15 w/o BaF2-CaF2, and 15 w/o Ag (ref. 4). This study determined 
that the mass and thickness of PM212 increased with increasing exposure time. After 100 hr of exposure, 
no further increase in thickness was observed. The data indicated that the rate of mass and thickness 
increase was higher for thicker specimens indicating that the changes were due to diffusion of oxygen into 
the material. However, the difference in the oxidation behaviors of PM212 and PM300 are unknown and 
should be studied independently. 

The current investigation was initiated after a preliminary study of the effects of long-term exposure 
of PM300-type bushings to 650 °C air demonstrated that the material continued to grow beyond 100 hr of 
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exposure. The data showed that after 9,000 hr in 650 °C air, the inner diameter grew approximately 
5 percent, the outer diameter grew by approximately 9 percent and the thickness decreased by about 
4 percent. However, it was unclear whether this behavior was influenced by the shape and size of the 
component (i.e., the reduction in thickness may have been restricted because the material was confined to 
the cylindrical geometry of the specimen). Therefore, the current investigation used specimens sectioned 
from whole bushings so that the ends were not confined. The purpose of this investigation was to 
characterize the physical changes that occur in PM300 powder metallurgy composite with prolonged 
exposure to high temperatures to better understand the observed dimensional changes. 

Experimental Procedures 
Materials 

PM304 is composed of nickel–chromium (Ni-20 w/o Cr), chromia (Cr2O3), silver, and eutectic 
barium fluoride–calcium fluoride (BaF2-32 w/o CaF2) powders. The physical characteristics of the 
precompaction powder blend are listed in table 1. Powder size, surface area, density, angle of repose, and 
flow measurements were performed at 21 °C and nominally 52 percent relative humidity according to 
standard test procedures (refs. 5 to 10). The powder did not flow through a Hall or Carney flowmeter 
funnel (ref. 11). 

Methods 

Right cylindrical powder metallurgy compacts (35 mm I.D. × 45 mm O.D. × 19 mm height) were 
prepared by uniaxial double-action cold pressing. The compacts were then loaded into a furnace at 
1100 °C for 20 min in a dry hydrogen atmosphere to enable liquid phase sintering via melting of the silver 
and eutectic fluoride phases. The approximate melting temperatures and purity levels of the constituent 
materials, based on the suppliers’ data, are listed in table 2. Finished bushings are shown in figure 1. The 
sintered density (typically about 6 g/cm3) is approximately 85 percent of theoretical density (7 g/cm3) 
with very little shrinkage from the green state to the fully sintered material. 

Several bushings were sectioned diametrally into sixteenths, resulting in arc-shaped sections 
approximately 5 mm thick, 18 mm wide, and 19 mm in height. These specimens were ultrasonically 
cleaned in methanol, rinsed in deionized water, and dried at 150 °C under a moderate vacuum. The 
thickness and mass of each specimen was measured and recorded (typically 4.5 mm and 6.5 g, 
respectively). Specific surface area was measured by the BET method (ref. 12). 

Each specimen was placed in an array on a ceramic fixture and loaded into a furnace. Tests were run 
at 500 and 650 °C. An adjacent control specimen was retained and set aside at room temperature. The 
treated specimens were removed from the furnace sequentially at predetermined time intervals from 1 to 
5,000 hr. Up to 10 hr, specimens were removed in 1 hr increments. Changes in specimen size and mass 
were recorded. The specimens were then prepared for metallographic examination with a fluorescent 
mounting medium such that the pores in the specimen were filled with epoxy. Microindentation hardness 
was measured in several locations on each specimen with a Vickers pyramidal diamond indenter applying 
a test load of 300 gf for 5 sec (ref. 13). Microstructural changes due to heat exposure were noted. 

Results and Discussion 
Figure 2 shows photomicrographs of PM300 cross sections with labels indicating the Ni-20Cr,  

Cr2O3, and Ag constituents. The silver and fluorides melt during the sintering step of compact preparation 
(liquid phase sintering) and are drawn to the spaces between adjacent nickel-chromium and chromium 
oxide particles, as shown in the figure. More specifically, the silver phase tends to melt and adhere to 
(wet) the Ni-20Cr particles, while the fluorides tend to wet the chromia particles. The top two 
photomicrographs in figure 2 show the same area on a nonheat treated specimen. Figure 2(a) is a 
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brightfield image wherein the Ni-20Cr particles are medium grey, the Ag particles are light grey and the 
Cr2O3 particles are black. The BaF2-CaF2 particles are optically transparent and look black in the image 
(surrounding the Cr2O3 particles). However, pores also look flat black in brightfield photomicrographs so 
they are very difficult to distinguish from other microstructural features (especially the fluorides). 
Therefore, the specimens were prepared for metallographic examination with an epoxy mounting medium 
incorporating a fluorescent dye. To maximize infiltration of the specimen, the epoxy was poured around 
the specimens under a moderate vacuum and then cured under pressure. The photomicrograph in 
figure 2(b) was taken through a fluorescent filter with polarized light so that the pores (infiltrated with 
fluorescing mounting media) are green in the image. Comparing figures 2(a) and (b), the pores (green) 
can now be distinguished from the rest of the microstructure. Figures 2(c) and (d) are SEM images from a 
different area on the same specimen. The secondary electron image (fig. 2(c)) emphasizes the 
topographical features in the microstructure so that pores (black) are easily distinguished from ceramic 
phases. The backscattered electron image (fig. 2(d)) emphasizes the average atomic mass of the different 
phases so that the fluorides (medium grey) are somewhat more distinct than the chromia particles 
(dark grey). The white Ag phase filling the gaps between adjacent Ni-20Cr particles is more pronounced. 
Analysis of this irregular microstructure has been facilitated with the wide variety of available 
microscopic techniques. 

The tendency for the silver to wet the Ni-20Cr particles and for the fluorides to wet the Cr2O3 
particles is thought to be due to the similarity in surface free energy for the two material classes. That is to 
say, for chemically similar phases, wetting of a solid phase by a liquid phase is more thermodynamically 
favorable than for chemically dissimilar phases. This is because the solid-liquid interface energy tends to 
be less than the sum of the solid-vapor and liquid-vapor interface energies thereby giving the liquid phase 
a greater propensity to spread than to evaporate or diffuse into the solid. Likewise, for dissimilar material 
phases, the solid-liquid interface energy tends to be high, discouraging wetting. More specifically, liquid 
metals (e.g., silver) tend not to wet ionic solids (e.g., chromia) and ionic liquids (like fluorides) wet, but 
tend not to spread on, metals (like Ni-20Cr) in inert atmospheres (refs. 14 and 15). 

After exposure to high temperature air, the Ni-20Cr phase within the composite tends to develop 
precipitates, consistent with findings for the plasma spray version of this material exposed to similar 
conditions (refs. 16 to 18). Figure 3 shows changes in the microstructure of the composite after exposure 
to 500 and 650 °C for 100 hr. The precipitates in the Ni-20Cr phase are indicated in the photomicrograph. 

Few, if any, precipitates are visible on the specimen exposed to 500 °C for 100 hr. After 500 hr, 
however, precipitates are also visible on both specimens, as shown in figure 4. It is evident, therefore, that 
the onset of this precipitate formation takes place sooner at higher temperatures. 

X-ray diffraction of a specimen exposed to 650 °C for 1,000 hr indicated formation of NiO and a 
NiCr2O4 spinel, consistent with thermodynamic equilibrium calculations. Since Cr2O3 was present in the 
pre-oxidized material, it is unclear if it was also generated due to oxidation. However, the Cr2O3 in the 
equilibrium composition in the high temperature environment is likely to be converted to the spinel. 

Photomicrographs from a cross-section of a specimen exposed to 500 °C for 5,000 hr are shown in 
figure 5. Some of the precipitates in the cross section are highlighted in figure 5(a). Energy-dispersive 
spectrometry (EDS) analysis revealed that the precipitates were chromium-rich. These features were 
previously thought to be Cr2O3 (refs. 16 and 19) but are likely composed of oxides or spinels of Cr and 
Ni. The spectra from each feature labeled in figure 5(b) are shown in figure 6. The spectra in figures 6(a) 
and (b) indicate a higher concentration of Cr than Ni, while the opposite is true for the spectrum in 
figure 6(c). The feature this spectrum represents appears to be a void. It is possible that a precipitate was 
formed here that was not retained during metallographic preparation or that the feature is a Kirkendall 
void (ref. 20) with a small precipitate on the inner wall. An elemental dot map of some of the features in 
figure 5(b) is shown in figure 7. The dot map shows a concentration of Cr and O along with a depletion of 
Ni across the precipitate. Feature A from figure 5(b) was analyzed with an elemental line scan, as shown 
in figure 8. The photomicrograph (fig. 8(a)) was captured using a 6 kV electron accelerating voltage 
(versus 20 to 25 kV used typically) so that surface features are more dominant and the precipitate is more 
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distinct. The line scan (fig. 8(b)) also indicates that the precipitate is chromium-rich. It should be noted 
that there is a distinct difference in the morphology of the faceted chromia used in the precompaction 
material feedstock and the rounded, irregular precipitates. Further work is needed to characterize these 
precipitates and the mechanisms by which they evolve. 

The percent mass change is plotted against exposure time at 500 and 650 °C in figure 9. Clearly, the 
magnitude and rate of mass change are temperature dependent. The data were compared to parabolic, 
quadratic, and logarithmic regression curves, consistent with classical oxidation kinetics (refs. 21 to 22). 
The data were found to be best described by a function of the natural logarithm of exposure time. 
Therefore, the rate of mass change m&  is determined using the derivative 
 

( )
t

t
dt
dm 1ln ==& , 

 
which indicates that the rate of mass change decreases as a linear function of time. At 650 °C, the 
regression model was given by y = −0.941 + 1.87 ln(t), while at 500 °C, it was y = −1.74 + 1.08 ln(t). This 
is an unexpected result since internal oxidation occurs by nucleation and growth mechanisms, which 
observe sigmoidal oxidation kinetics (refs. 21 to 23). In addition, logarithmic oxidation behavior is 
normally consistent with bulk metal oxidation observed at ambient or slightly elevated temperatures 
(refs. 24 to 25). For logarithmic kinetics to take place, it is possible that one of the coating constituents 
(BaF2-CaF2 for example) catalyzes the reaction during the initial stages. It has been observed that the 
precipitates tend to form where the Ni-20Cr is in contact with a BaF2-CaF2 phase, as mentioned in earlier 
work (ref. 17). Furthermore, the precipitates do not form when BaF2-CaF2 is not present (ref. 16). The 
role BaF2-CaF2 plays in the observed reaction is not well understood at this time and needs further study. 

Based on the starting composition and the equilibrium chemistry at high temperature, the studied 
material will undergo a weight gain of approximately 20 percent. At this point, all of the Ni and Cr will be 
converted to an oxide or spinel. The estimated equilibrium weight gain may be compared to any observed 
weight gain to predict parameters such as the oxidized fraction of a particular starting constituent. 

Figure 10 shows the percent dimensional change plotted with respect to exposure time. The best 
model of the growth behavior was also a function of the natural logarithm of exposure time. The 
regression model at 650 °C was given by y  =  2.02 + 0.959 ln(t), and y  = 1.18 + 0.567 ln(t) at 
500 °C. Incidentally, the ratio of the growth rate coefficients in the two equations is 7.1567.0959.0 ≈ ; 
the same is true for the rate coefficients in the mass increase equations ( 7.108.187.1 ≈ ). Also note that 
about 50 percent of the observed material dimensional change occurs within the first 10 hr of exposure to 
high temperature air and 85 percent of the dimensional change has occurred within approximately 250 hr. 
For component design, it may be tempting to extrapolate to predict maximum growth based on these 
models. However, the models do not account for the fact that growth is usually counteracted by dynamic 
wear processes and they imply that growth continues indefinitely. The effects of prior oxidation on the 
continued oxidation of the material are unknown. 

Clearly, the mass and dimensional increases in this material are due to oxidation. The rate of mass 
increase, however, is not the same as the rate of thickness increase at a given temperature. Since mass 
increases as a function of material volume (the product xyz), and thickness is only a function of x, all of 
the material response information may not be expressed by the thickness measurement alone. Moreover, 
due to the technique (uniaxial hot pressing) used to fabricate the studied material; there is inherent 
anisotropy that results in different dimensional growth rates, depending upon the measurement axis. The 
thickness rate coefficients are, in fact, approximately half the mass coefficients. 

To better compare the oxidation kinetics, the normalized mass and dimension increases are plotted 
with respect to the logarithm of exposure time in figure 11. This plot reinforces the fact that the rate of 
oxidation is higher at 650 °C. It is also clear that the rate of mass increase (given by the slope of the line) 
is greater than the rate of thickness increase, regardless of temperature. Since the rate of dimensional 
change is 70 percent higher at 650 than at 500 °C, some information relevant to heat treatment may be 
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gleaned from this result. For example, if dimensional stability is important to the application, a heat 
treatment at a temperature higher than the operating temperature for the application may be an effective 
way to stabilize growth of the material. Also, if high loads resulting in thermal spikes are expected, the 
microstructure should be heat treated thoroughly to prevent excessive growth. However, when high wear 
rates are expected at temperatures at or below the heat treatment temperature, shorter heat treatments may 
be employed as well as lower heat treatment temperatures. The rate and magnitude of the oxidation 
reaction is controlled by temperature, but both appear to saturate at some level at either temperature. The 
relatively poor fit of the data to the regression curves at shorter time intervals indicates that there is 
perhaps more than a single rate in effect during the initial oxidation reaction. As mentioned previously, 
during nucleation of oxide precipitates, the reaction is expected to occur at a lower rate. However, the 
apparent catalytic effect the BaF2-CaF2 phase has on oxidation may enable multiple mechanisms to 
control the kinetics at shorter time intervals, which would significantly alter reaction rates. 

Figure 12 shows the change in the microstructure of the material after exposure to 500 °C for 250 and 
500 hr. There is a slight indication of film on the Ni-20Cr constituent in figures 12(c) and (d). Figure 13 
shows the evolution of this film after the material was exposed to 650 °C for 3,000 hr. Chemical analysis 
found the film to be composed of nickel, chromium, and oxygen, likely NiO, Cr2O3 or NiCr2O4. The film 
is an indication of oxidation at the surface of the Ni-20Cr particles, possibly by the outward diffusion of 
metal atoms, as well as diffusion of oxygen into the Ni-20Cr solid solution where precipitates are formed 
(ref. 26). The fact that both internal and external oxidation mechanisms have been observed in the studied 
material system is intriguing. One might speculate that, since the film formation is not appreciable until 
after longer heat exposure times, the two mechanisms operate in series with precipitate formation 
preceding external oxidation enabled by chemical reaction with the BaF2-CaF2 phase. However, this 
reaction is not well understood at this time and requires further study. 

The microindentation hardness of PM300 with respect to exposure time is plotted in figure 14. The 
dashed lines indicate the range of control sample (non-heat treated) data. The data suggest that the 
hardness of the material generally increases with increasing time of exposure to high temperature air. The 
error bars, representing the standard deviation of measurements at each condition, indicate that there is no 
significant difference in the hardness of the material with exposure to 500 or 650 °C. The increase in 
hardness due to temperature exposure is also consistent with the formation of relatively hard oxide-
compounds in the softer Ni-20Cr solid solution. 

Conclusions 
This purpose of this investigation was to characterize the physical changes in PM300 powder 

metallurgy solid lubricant material. Based on the results of this study, the following conclusions were 
made: 
• The material develops precipitates within the nickel-chromium constituent after exposure to high 

temperature air. 
• The composition of the precipitates is chromium and oxygen rich, most likely a combination of 

oxides and spinels of nickel and chromium. 
• The percent mass change and percent dimensional change in the material can be described as a 

function of the natural logarithm of exposure time. 
• For moderate loads and steady temperatures, a shorter or lower temperature heat treatment may be 

used. For high loads or where high thermal gradients may be encountered, the microstructure should 
be heat treated for more than 250 hr to ensure dimensional stability. 

• Heat treatment at a higher temperature than the operating temperature may be an effective route to 
obtaining a dimensionally stable microstructure for this material in a shorter time period. 

• The hardness of the material increases with increasing exposure to high temperature air, indicating the 
formation of an oxide precipitation hardened phase. 

• Further work is needed to characterize the oxidation kinetics in this material. 
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TABLE 1.—PM304 PRECOMPACTION POWDER 
FEEDSTOCK CHARACTERISTICS 

Composition 60 w/o Ni-20Cr 
20 w/o Cr2O3 
10 w/o Ag 
10 w/o BaF2-32CaF2 

Size designation –140 + 450 mesh (30 to 106 μm) 
Apparent density 3.06±0.13 g/cm3 
Tap density 4.46±0.04 g/cm3 
Angle of repose 70.6° 

 
 
 

TABLE 2.—MELTING TEMPERATURES AND PURITY 
LEVELS OF THE CONSTITUENT MATERIALS 

Constituent Melt Point (°C) Purity 
Ni-20 w/o Cr 1400 98.17% 
Cr2O3 2330 (sublimes) 99.18% 
Ag 960 > 99% 
BaF2-32 w/o CaF2 1050 > 99% 
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