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In this paper we develop a material index for selecting alloys resistant to frictional ignition in 

high pressure oxygen environments. A previous ignition-resistance metric proposed by NASA 

WSTF varies strongly and unpredictably with test conditions, thus limiting its usefulness. The 

material index developed here incorporates key material properties that strongly influence 

ignition behaviors, including friction coefficient, ignition temperature, and thermal effusivity. 

Finite element simulations were used to compute ignition temperatures for 15 alloys based on 

published frictional ignition data from NASA White Sands Testing Facility (WSTF). These 

values were used with the material index to construct property diagrams for ranking the 

materials based on their intrinsic frictional ignition resistance. The results demonstrate that 

nickel-based superalloys with low iron content are less likely to ignite under frictional heating 

than ferrous alloys and nickel-based superalloys with high content iron. The material index is 

then used to predict material performance outside of the test conditions, highlighting the effect 

of ambient temperature on nominal ignition resistance. We conclude by developing an empirical 

relation between ignition temperature and enthalpy of oxidation which can guide design of new 

ignition-resistant alloys. 

 

I. Nomenclature 𝛼 = heat partition coefficient 𝜇 = friction coefficient 𝜔 = radial speed, rad/s 𝜌𝐶𝑝 = heat capacity, J/m3K 𝜅 = thermal conductivity, W/mK 𝑒 = surface emissivity Δ𝐻𝑜𝑥 = enthalpy of oxidation, kJ/mol 𝑀𝐼 = material index 𝑃 = contact pressure, MPa 𝑞 = heat flux, W/m2 𝑟 = radius, m 𝑇 = temperature, K 𝑡 = time, s 𝑣 = sliding speed, m/s 

 

II. Introduction 

The oxidizer-rich staged combustion (ORSC) and full-flow staged combustion (FFSC) rocket engines 

currently being developed by SpaceX, Blue Origin, and other US contractors offer dramatic improvements 

in fuel efficiency and thrust over the conventional gas generator engine cycle [1]. These power cycles both 

use oxidizer-rich turbopumps powered by an oxidizer-rich stream of combustion gases which burns with 

the remaining fuel in the main combustion chamber. ORSC and FFSC engines use propellant efficiently 

without sacrificing thrust because of their high chamber pressures and because all the propellant is 
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exhausted through the nozzle [1-3]. However, the increased pressure and additional turbomachinery 

requirements introduce new challenges, such as an increased risk of metal ignition and burning [4-6]. 

Frictional heating due to rubbing of rotating components (e.g., between turbine blades and the blade track) 

is one of the ignition mechanisms of greatest concern and is believed to have caused two recent launch 

failures, Sea Launch’s NSS-8 and Orbital’s Orb-3. Frictional ignition was studied experimentally in the 

1980’s and 1990’s by NASA White Sands Testing Facility (WSTF) using a specialized frictional ignition 

rig [7]. A key outcome of this work was a quantitative ranking of ignition resistance based on the product 

of sliding speed 𝑣 and contact pressure 𝑃 at ignition [8]. While a material with a higher 𝑃𝑣 product will 

take longer to ignite, it is a grouping of test parameters, not intrinsic material properties. Hence, the 𝑃𝑣 

product can vary strongly with test conditions (e.g., O2 partial pressure, ambient temperature), limiting its 

utility when selecting materials for operating conditions outside those tested [8]. A more general approach 

for assessing the relative frictional ignition resistance of different materials is with a material index [9], a 

grouping of material properties whose extremal value maximizes performance, which, in this case, is 

ignition resistance. In this paper we discuss the limitations of the 𝑃𝑣 product, quantitatively reassess the 

published NASA WSTF frictional ignition experiments, and finally use our findings to develop a material 

index for high pressure oxygen environments. 

 

III. Review of NASA WSTF frictional ignition results 

The NASA WSTF frictional ignition tests were carried out using a specialized rub rig depicted in Figure 

1. Details of the apparatus, test conditions, and specimen geometries are given in [7]. During testing, two 

tubular specimens were rubbed against each other in a static high-pressure O2 environment. The stator was 

fixed to the wall of the pressure vessel; the rotor was attached to the shaft assembly. The shaft speed was 

17000 rpm, corresponding to a linear sliding speed of 22 m/s, and the contact force was ramped at a fixed 

rate of 31 N/s. These conditions were used to assess the frictional ignition behaviors of the alloys listed in 

Table 1 [8]. 

 
Figure 1: WSTF frictional ignition testing rig set-up. Adapted from [7]. 

Table 1: Alloys tested in WSTF frictional ignition test campaign. 

Alloy 
Weight Percent 

Ni Fe Cr Cu Al Mo Mn W Co Nb Ta Ti Other 

Ni 200 99 0.3  0.3          

Haynes 214 77 3 16  4        0.2 Y 

D
o
w

n
lo

ad
ed

 b
y
 M

IT
 L

ib
ra

ri
es

 o
n
 S

ep
te

m
b
er

 3
, 
2
0
2
3
 | 

h
tt

p
:/

/a
rc

.a
ia

a.
o
rg

 | 
D

O
I:

 1
0
.2

5
1
4
/6

.2
0
2
3
-1

4
8
9
 



3 
 

Alloy 
Weight Percent 

Ni Fe Cr Cu Al Mo Mn W Co Nb Ta Ti Other 

IN 600 76 9 15 0.1          

IN MA6000 69  15  5 3  4   2 2 1.1 Y2O3 

MK500 63 2  30 3  2     0.5  

Waspaloy 58  21  1 4   16   2  

Haynes 230 55 3 22  0.2 2 0.2 14 3     

IN 718 53 19 19  0.4 3    5  0.9  

Hastelloy X 48 19 22   9  0.6 1     

IN 706 42 36 16 0.3 0.4  0.4  3   2  

Incoloy 903 38 42   0.9    15 1  3  

Incoloy 909 38 42       13 5  2  

SS 304 9 72 19           

IN MA956  74 20     5    0.5  

SS 440C  82 17          1 C 

 

The friction coefficient 𝜇 was measured over the course of each frictional ignition experiment [8]. For 

all materials tested, the friction coefficient decreased rapidly during the first few seconds of the test then 

plateaued towards a steady-state value [7,10,11]. Stoltzfus et al. attributed the decrease in friction 

coefficient to the growth of a lubricating oxide at the rubbing interface [7,12]. The steady-state friction 

coefficient and ignition time of each alloy are summarized in Table 2.  

Table 2: Steady-state friction coefficient 𝝁, ignition time, and 𝑷𝒗 product of alloys 

tested in [8]. 

Alloy Friction Coefficient, 𝜇 Ignition Time, 𝑡𝑖𝑔𝑛 (s) 
Average 𝑃𝑣 Product  

(W/m2 × 10-8) 

Ni 200 0.072 88 3.05 

Haynes 214 0.046 88 3.05 

IN 600 0.038 72 2.50 

IN MA6000 0.028 66 2.28 

MK500 0.042 59 2.03 

Waspaloy 0.035 45 1.55 

Haynes 230 0.12 43 1.50 

IN 718 0.038 38 1.30 

Hastelloy X 0.092 35 1.20 

IN 706 0.077 32 1.12 

Incoloy 903 0.018 31 1.07 

Incoloy 909 0.10 30 1.04 

SS 304 0.034 29 1.0 

IN MA956 0.065 20 0.68 

SS 440C 0.25 18 0.62 

 

Stoltzfus et al. ranked the frictional ignition resistance of different materials based on the product of 

sliding speed 𝑣 and contact pressure 𝑃 at ignition [7,8]. Their reasoning was that 𝑃𝑣 is directly proportional 

to the frictional heat flux (𝑞) through the friction coefficient,  
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𝑞 = 𝜇𝑃𝑣. (1) 

Thus, higher 𝑃𝑣 values mean a higher interfacial heat flux is required to drive ignition [7,8,12]. Table 2 

shows the alloys ranked according to their 𝑃𝑣 values. 

A major limitation of using 𝑃𝑣 to rank frictional ignition resistance is that it varies strongly with test 

conditions. For instance, Stoltzfus et al. observed that the 𝑃𝑣 values for a given material have a complicated 

non-monotonic dependence on oxygen pressure, first decreasing then increasing with increasing oxygen 

pressure [8]. Thus, the ranking given in Table 2 is likely only valid for a specific set of test conditions; 

changing parameters such as the oxygen pressure, ambient temperature, sliding speed, loading rate, etc. 

might cause the ranking to change in unpredictable ways.  

 

IV. Material index for frictional ignition resistance 

An alternative approach to material selection is to develop a material index that reflects intrinsic 

resistance to frictional ignition. This approach is advantageous in that material indices are not limited to a 

specific set of test conditions. Test data can be used to determine a material index for ignition resistance 

under one set of conditions, which is then easily generalized to other conditions without further 

experiments. To develop a material index for frictional ignition resistance, we first recognize that our 

objective is always to maximize the ignition time, 𝑡𝑖𝑔𝑛, regardless of the sliding conditions. Approximating 

the frictional ignition specimen as a 1D semi-infinite body with a constant heat flux boundary condition 𝑞, 

the time to a reach a given increment in interfacial temperature Δ𝑇 is  𝑡 = (1𝑞 (Δ𝑇)√𝜌𝐶𝑝𝜅)2, (2) 

where √𝜌𝐶𝑝𝜅 is the thermal effusivity. The frictional heat flux q is given by 𝑞 = 𝛼𝜇𝑃𝑣, (3) 

where α is the heat partition coefficient. Assuming the specimen has an initial uniform temperature 𝑇0 and 

a material-specific ignition temperature 𝑇𝑖𝑔𝑛, the temperature increment at ignition is Δ𝑇 = (𝑇𝑖𝑔𝑛 − 𝑇0). (4) 

Combining Equations 2-4 gives the objective function 𝑡𝑖𝑔𝑛 = ( 1𝛼𝑃𝑣)2 [(𝑇𝑖𝑔𝑛 − 𝑇0)√𝜌𝐶𝑝𝜅𝜇 ]2. (5) 

Inspection of Equation 5 shows that we can maximize 𝑡𝑖𝑔𝑛 by maximizing the material index  𝑀𝐼 = [ 1𝜇 (𝑇𝑖𝑔𝑛 − 𝑇0)√𝜌𝐶𝑝𝜅]2. (6) 

Accordingly, in selecting ignition-resistant materials, we seek materials with a high ignition temperature, 

high thermal effusivity, and low friction coefficient. Note that here we assume 𝑇𝑖𝑔𝑛 and 𝜇 are independent 

of test conditions. In reality, the friction coefficient can depend on sliding speed, contact pressure, and the 

specific rotor/stator pair in case of dissimilar material combinations [7,8,12]. However, such effects are 

expected to be minor under the ranges of oxygen pressures and sliding speeds relevant to oxygen-rich 

turbomachinery.  

 

V. Calculations of frictional ignition temperature 

Using this material index, we rank the frictional ignition resistance of the alloys summarized in Table 

1. The friction coefficient and thermal effusivity of these different materials are available in the open 

literature. To determine the ignition temperature, we used finite element analysis to compute the 
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temperature field within the test specimens during the WSTF frictional ignition experiments. These 

simulations were carried out using the COMSOL Multiphysics software [13]. Figure 2 depicts the 

simulation domain, which was bounded by the inner wall of the pressure vessel and included the stator, 

specimen insulator (M400), and specimen mount (MK500). The latter two elements were included because 

heat diffused into the specimen mount during experiments on ignition-resistant alloys. Fully 3D finite 

element simulations were used because of the asymmetry of the mount. The domain surrounding the 

specimen was modeled as gaseous O2, using published thermal properties at a pressure of 6.8 MPa [14]. 

The temperature profile was computed by solving the heat equation, considering heat conduction in the 

solids and gaseous O2 and accounting for radiative heat transfer between the solid surfaces and temperature-

dependent material properties. There was no interfacial thermal resistance at the gas/solid interface. The 

room-temperature material properties which included the density 𝜌, thermal conductivity 𝜅, specific heat 

capacity 𝐶𝑝, and emissivity 𝑒, are summarized in Table 3. 

 
Figure 2: Model setup of frictional heating in COMSOL Multiphysics. 

Table 3: Material properties at room temperature of the different materials used in 

the FEM model. 

Alloy 
𝜌  

(kg/m3) 

𝜅  

(W/(m∙K)) 
𝐶𝑝  

(J/(kg∙K)) 𝑒 

Ni 200 8890 71.0 458 0.5 

Haynes 214 8050 12.0 452 0.6 

IN 600 8470 12.5 444 0.6 

IN MA6000 8110 10.8 394 0.5 

MK500 8160 11.0 520 0.5 

Waspaloy 8440 17.5 419 0.4 

Haynes 230 8970 8.9 397 0.5 

IN 718 8190 11.4 435 0.3 

Hastelloy X 8220 9.2 487 0.5 

IN 706 8050 12.5 444 0.5 

Incoloy 903 8250 16.9 442 0.5 

Incoloy 909 8190 14.8 427 0.5 

SS 304 8000 16.2 500 0.5 
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Alloy 
𝜌  

(kg/m3) 

𝜅  

(W/(m∙K)) 
𝐶𝑝  

(J/(kg∙K)) 𝑒 

IN MA956 7250 10.9 469 0.5 

SS 440C 7800 10.2 460 0.5 

 

The entire domain was assigned an initial temperature of 298 K. Frictional heating was modeled as a 

heat flux boundary condition at the rubbing interface: 𝑞 = 𝛼𝜇𝑃𝜔𝑟, (7) 

where 𝜔 is angular speed (1780 rad/s), 𝑟 is radial distance, 𝑃 is contact pressure, and 𝛼 is the heat partition 

coefficient, corresponding to the fraction of frictional heat diffusing into the stator. Here we assume 𝛼 = 

1/2, meaning the frictional heat partitions evenly between the rotor and stator. The model did not consider 

enthalpy of oxidation because its effect is minor prior to ignition. The sides of the simulation domain were 

assigned fixed temperature boundary conditions (𝑇 = 298 K). 

The predicted interfacial temperature for MK500 is plotted as a function of time in Figure 3. The 

interfacial temperature increases monotonically to the ignition temperature of 1420 K. This ignition 

temperature is consistent with a previous 1D finite element model of frictional ignition of MK500 which 

did not consider radiative heat losses or temperature-dependent material properties [15]. The form of the 

MK500 interfacial temperature v. time curve is similar to those of the other materials analyzed here.  

 
Figure 3: Interfacial temperature of Monel K-500 during frictional ignition testing. 

Figure 4 summarizes the ignition temperature data for all materials tested in the original WSTF 

frictional ignition campaign [8]. Nickel-based superalloys with low-iron content (e.g., Haynes 214, IN600, 

MA6000, etc.) tend to ignite at later times and at higher interfacial temperatures. The cupronickel alloy 

MK500 exhibits only moderate frictional ignition resistance despite its low flammability as assessed 

through promoted combustion testing [8,16]. The alloys that ignite most readily are those that contain higher 

Fe concentrations (e.g., IN718, IN706, etc.). Nickel-based alloys with high Fe content ignite at very early 

times (18 – 35 s) and at low temperatures (500 – 1000 K). Ferrous alloys (e.g., stainless steels) are the least 

ignition resistant, igniting in as little as 20s, consistent with their high flammability in promoted combustion 

testing [17,18]. 
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Figure 4: Ignition temperature v. ignition time for all materials tested. 

 

VI. Trends in frictional ignition resistance 

Figure 5a is a property diagram for frictional ignition resistance with 𝑇0 = 298 K. Visualizing the data 

in this way makes it easier to compare the ignition resistance of different materials. Specifically, the dashed 

lines indicate material index iso-contours; materials that lie along the same iso-contour will ignite at the 

same time. Ignition-resistance increases moving towards the bottom-right corner of this property diagram. 

Note that the locations of the individual materials depend strongly on ambient temperature. For example, 

Figure 5b is a property diagram for 𝑇0 = 500 K. Compared to Figure 5a, the individual datapoints have 

shifted leftwards. The shift is greater for materials with lower ignition temperatures, highlighting their 

sensitivity to slight increases in initial temperature. This effect is most obvious when comparing SS304 and 

Incoloy 909 – these materials have a similar material index at 𝑇0 = 298 K but Incoloy 909 is clearly much 

more susceptible to frictional ignition when 𝑇0 increases by just 200 K. Quantitatively assessing the effect 

of ambient temperature on ignition-resistance is impossible with the 𝑃𝑣 product but is straightforward with 

the present material index. 
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Figure 5: Frictional ignition property diagrams with (a) 𝑻𝟎 = 298 K and (b) 𝑻𝟎 = 500 

K. In (b), datapoints in grey correspond to values with 𝑻𝟎 = 298 K. 

Figure 6 compares the 𝑃𝑣 and material index values of each alloy. There is a positive correlation 

between the two parameters – materials with a high 𝑃𝑣 value also tend to have a high material index. 

However, there are important differences. Namely materials with similar 𝑃𝑣 values can have noticeably 

different material indices (Haynes 214 v. Ni200) and vice versa (Incoloy 903 v. Haynes 230). 
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Figure 6: Comparison of frictional ignition resistance ranking obtained from the 𝑷𝒗 

product and material index. 

 Flammability of metals is commonly measured using promoted combustion experiments and quantified 

in two ways: O2 pressure threshold (maximum O2 pressure under which a material does not sustain 

combustion) and burn rate, which are crucial guidelines when considering the selection and design of 

materials for high pressure oxygen applications [8,19-21]. However, flammability of metals should not be 

the only consideration. For instance, Ni200, Haynes 214, and MK500 have O2 pressure thresholds greater 

than 69 MPa [8,20], but ignite under frictional ignition under pressures below 6.9 MPa [7,8,10]. Further, 

when comparing ignition resistance from our material index with the burn rate at the same pO2 of 6.9 MPa 

as shown in Figure 7, we generally observe that flammable materials ignite readily with some important 

exceptions. For example, under the same O2 pressure, we observe that MK500 has a moderate ignition 

resistance and does not burn in promoted combustion experiments while IN600 has a high ignition 

resistance and burns. Consequently, ignition resistance should be carefully considered in the design and 

selection of materials for high O2 pressure applications and the quantification of ignition resistance with 

our material index can aid in the selection of materials for these environments. 
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Figure 7: Material index for frictional ignition resistance of select materials v. burn 

rate obtained from promoted combustion experiments at pO2 = 6.9 MPa [8,19-21]. 

Another consideration in the design of materials is the enthalpy of oxidation. Models of thermal ignition 

show that ignition temperature corresponds to the point in which the overall rate of heat loss is less than the 

heat generated during oxidation, which is proportional to the enthalpy of oxidation and oxidation rate 

[22,23]. This indicates that alloys with higher enthalpies of oxidation and faster oxidation rates will tend to 

have lower ignition temperatures. We observe this trend by plotting the frictional ignition temperature v.  

the enthalpy of oxidation of each of the alloys as shown in Figure 8. The enthalpies of oxidation were 

calculated using the FactSage free energy minimization software (with FTOxid, FactPS, and FSstel 

databases) [24]. Alloys (MK500, Ni200, and others) with high ignition temperatures in the range of 1400 – 

1600 K have low enthalpies of oxidation (200 – 250 kJ/mol) while alloys such as MA956 and IN706 have 

ignition temperatures below 750 K and high enthalpies of oxidation (350 – 450 kJ/mol). Based on this trend, 

we developed an empirical relationship given by 𝑇𝑖𝑔𝑛 =  -2.97 [mol∙K
kJ ] |Δ𝐻𝑜𝑥| + 2120 [K], (8) 

to estimate the ignition temperature based on the enthalpy of oxidation. This empirical relationship only 

provides an approximate value of the ignition temperature, but can guide the design of new alloys 

considering that lower enthalpies of oxidation result in higher ignition temperatures, favoring higher 

ignition resistance. 
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Figure 8: Ignition temperature v. enthalpy of oxidation at 𝑻𝟎 = 300 K with best fit 

overlaid. 

 

VII. Conclusions 

The NASA metric for assessing frictional ignition resistance is limited to a specific set of test conditions. 

By contrast, the material index developed here is a grouping of material properties – ignition temperature, 

friction coefficient, thermal effusivity – that can be used to assess ignition resistance under essentially any 

conditions. Materials with the same material index will ignite at the same time under a given set of sliding 

conditions, and the ignition time scales linearly with the material index. The material index shows that 

ignition resistant alloys have a low friction coefficient, high ignition temperature, and high thermal 

effusivity. Finite element simulations of the NASA WSTF frictional ignition were used to compute the 

ignition temperatures of 15 alloys. These results were integrated with the material index to reveal the 

following key trends: 

• Nickel-based superalloys with low iron content are more ignition resistant and ignite at higher 

temperatures than ferrous and nickel-based superalloys with high content iron.  

• Alloys that are less flammable tend to be more ignition-resistant; however, there are some important 

exceptions. For example, MK500 and Haynes 214 will ignite under high speed sliding but do not 

burn in promoted combustion tests.  

• Materials with low ignition temperatures are more sensitive to changes in initial temperature 

condition. 

• Ignition temperature decreases with increasing enthalpy of oxidation, in line with classical ignition 

theory. An empirical correlation between enthalpy of oxidation and ignition temperature was 

developed to guide design of new ignition resistant materials. 
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