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Results 
All tests reported here exhibited friction traces similar to that shown in Figure 3, even though the 

lifetimes varied by orders of magnitude. Examples of friction traces for the steel alloys are shown in 
Figure 4(a), and examples of friction traces for the elements are shown in Figure 4(b). The values for 
52100 steel are displayed in duplicate and are “bookkept” as elemental iron since this alloy is 97 percent 
iron (Table I). The CoF in each test was initially close to 0.08, albeit with appreciable scatter in the early 
stages of the tests of the elements.  

 
 
 
 
 

 

 
Figure 4.—Representative friction traces for materials studied. 

(a) Bearing steels. (b) Elements.  
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Discussion 
The discussion is divided into two parts. The first part discusses tribological factors. These include 

the nature of the ball and plate contact, factors that may qualify the rather clear separation of the lifetime 
results, the relationship to past work, and the relationship of these purely tribological results to practical 
lubrication. The second part considers the interpretation of the tribological results in terms of surface 
chemical reactivity. 

The Contact 

An understanding of the contact between the ball and plates is an important aspect of the 
interpretation of the results. Because of the restricted amount of lubricant in the system, no meniscus is 
formed and so the system is not in the elastohydrodynamic (EHD) regime. Rather, it is starved (Ref. 10) 
or what has been termed “ultrastarved” (Ref. 11). The contact is in what is known as the boundary 
lubrication regime, in which lubrication takes place by only monolayers of lubricant molecules in the 
contact (Ref. 12). The nature of the lubrication in the contact used here goes back to Hardy (Refs. 13 and 
14 and see Ref. 15 for a discussion of Hardy’s work), in which monolayers of lubricant molecules on the 
contacting surfaces slide against each other, and the resistance to this sliding of molecules is the source of 
the friction force. This model accounts for the independence of the CoF on the test material (Figure 4) 
because each test uses the same lubricant—Pennzane® 2001A. Thus, the initial CoF is the same at about 
0.08 for all tests, even though the lifetimes of the tests vary by orders of magnitude. 

The sequence of events proposed here to account for the evolution of the contact in a test is shown in 
Figure 6. First, in panel a, some of the lubricant initially on the ball is deposited or shared with the 
initially clean plates. Then in panel b, some of the lubricant monolayer in this contact is displaced to 
allow lubricant to come into contact with the native oxide. This contact with the surface unprotected by 
lubricant is the first stage of the lubricant’s chemical reaction. In panel c, the native oxide has been 
removed and lubricant comes into contact with the nascent metal. The native oxide has been removed by 
the shear stress of sliding, exposing nascent metal. Nascent metal is expected to be more chemically 
active than the oxide, so the consumption of the lubricant by chemical reaction is considered to begin with 
the contact of lubricant molecules with nascent metal. This scenario for the removal of the native oxide by 
tribological action leading to lubricant degradation has been studied by Lu et al. (Ref. 3) and Masuko et al. 
(Ref. 16). 

Even though this scenario appears in the literature, details of the role and removal of the protective 
native oxide as the initial steps in the reaction of the lubricant are still a matter of conjecture, and the tests 
described here provide no direct evidence for this sequence of events. However, this evolution of the contact 
proposed here serves as a conceptual basis to initiate the discussion of the tribological results and will be 
brought up again below. It should be taken as a working hypothesis that aids the discussion of the results.  
 
 

 
Figure 6.—Evolution leading to contact of lubricant with nascent metal during 

frictional contact. 
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Qualifying Factors 

This study has focused on changing the tribological response of the lubrication system, specifically 
the lifetime, by changing the plate material. Although the idea behind the change has been to change its 
chemistry, there are other properties that change as well. Some of the factors that qualify the clear 
separation of the results as due only to surface chemistry are surface roughness, material elasticity and 
hardness, native oxide, and shedding of lubricant to the track edges. Each factor could, in principle, be 
important in determining the observed ordering of the lifetimes. They could also be responsible for the 
scatter observed within each grouping. Here we briefly discuss the factors mentioned.  

Roughness 

The plates without films were prepared by the same procedure, so their roughness should not differ. 
The plates with films, however, did have a haze that indicated a rougher surface. However, the tracks 
developed during the tests essentially overrode the initial roughness, so this effect is not considered 
important.  

Elastic Modulus 

Although the elastic moduli of the steel alloys are very similar, the films on them have their own 
different modulus. However, the films are so thin that their different moduli should not change the 
Hertzian pressure or diameter of the contact. This has recently been studied (Ref. 17). 

Hardness 

Different material hardness however, may have a significant role to play in the ordering of the 
lifetimes. This is brought out in the reduced lifetime of the softened 52100 steel (Rc49), 52100T, relative 
to the original hard 52100 steel (Rc64). Although the lifetimes of the softened material are reduced, they 
are not as low as the lifetimes of 17-4 PH (Rc45), which has the same hardness as the softened 52100. 
This is taken as an indication that the material hardness, while playing a role, does not determine the 
overall ordering of the lifetimes. It must also be noted that tempering a material may change its electronic 
structure (to be addressed below) as well as its hardness, and the electronic structure of the material may 
determine its tribochemical reactivity. So both the chemical reactivity of a material as well as its 
mechanical (tribological) response may be affected by tempering and should be taken into account in any 
further study. It would thus be beneficial to confirm the ordering of triboreactivity presented here using a 
method to assess triboreactivity that is not dependent on the lifetimes, since lifetimes may be affected by 
material properties such as hardness. 

Native Oxide 

The native oxide may play an important role in the observed lifetime. Certainly thicker oxides or 
oxides more resistant to displacement would take longer to displace and expose the nascent metal, thus 
leading to longer lifetimes (Refs. 3 and 16). In the present study, an effort was made to minimize, or at 
least control, oxide thickness as indicated in the Specimens section. However, each of the different types 
of specimen tested here may have an oxide thickness different from the others, and this may play a role in 
the ordering of the lifetimes observed. This is definitely a complicating factor for which there is presently 
no easy answer and makes the conclusions based on the ordering presented here contingent on resolving 
this issue. Note that the one outlying high lifetime test with titanium may be due to a thicker oxide. Also, 
the relatively few orbits required to end most of the titanium tests may be interpreted as simply those 
orbits required to expose the nascent metal and thus to allow tribochemical reaction to take place. It may 
be that once nascent metal is exposed, the reaction is so strong that the lubricant does not survive in the 
nascent titanium contact at all.  
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Shedding 

Some of the lubricant initially only on the ball is definitely transferred to the plates and is brought 
into the contact on multiple orbits. However, some of the lubricant may also be shed onto the edge of the 
track on the plates where it is not available to the contact and thus can neither lubricate nor be subject to 
chemical reaction. Even though this shedding has not been observed for amounts of lubricant used here, it 
has been observed with larger amounts. Although it is definitely a possibility that random shedding can be 
responsible for the observed scatter in the lifetimes, it is not clear if it plays a role in determining the 
overall ordering of the lifetimes. 

A change in any of the above factors can, in principle, affect the observed ordering of the lifetimes. 
They could also be responsible for the scatter observed within each grouping. Thus these factors introduce 
uncertainty in the interpretation of the observed ordering of lifetimes in terms of the tribochemical 
destruction of the liquid lubricant, and each factor could be the subject of a study in itself. However, in 
this report, the results are taken at face value as indicators of the ranking of tribochemical reactivity with 
the understanding that future studies may change the ordering reported here. 

Prior Related Work 

An early work (Ref. 18) with the SOT found that the lifetime of the fluorinated lubricant Fomblinfi 
Z25 (Solvay Solexis, Inc.) on chromium substrates was significantly less than the lifetime on 440C steel, 
the same as found here for Pennzanefi  2001A. This has two implications. The first is that the results 
found with Pennzanefi  2001A are not unique to it, but are found with other lubricants. Pennzanefi  2001A 
may then be regarded as a test lubricant to study triboreactivity in general. The second implication is that 
the result supports the idea that chromium really is more (tribo)reactive than steels.  

Reports in the literature using the more commonly used pin-on-disk sliding test configuration relate to 
the present work in many aspects, even though the relative triboreactivity of different metals has not been 
the point of the works. John, Cutler, and Sanders (Ref. 4) reported RGA cracking patterns of gas evolved 
during sliding on 440C steel lubricated with Pennzanefi  2001A in vacuum and attributed the degradation 
of the lubricant to its reaction with nascent metal exposed by removal of the native oxide by sliding. 
Identical RGA cracking patterns were found in the present work. Lu et al. (Ref. 3) also reported on work 
similar to that of John, Cutler, and Sanders, but the sliding was on 52100 steel and the emphasis was on 
the effect of additives in the lubricant that affected its decomposition rate. Masuko et al. (Ref. 16) also 
reported on work similar to that of John, Cutler, and Sanders and Lu et al., with 440C steel substrates and 
with an emphasis on the effect of oxide thickness on lubricant lifetime. These studies did not compare the 
lifetimes of the lubricant on 440C steel with the lifetime on 52100, as done here. However these studies 
were complementary to the present study in many aspects and support the present work.  

The reduced lifetime of Pennzanefi  2001A on 17-4 PH steel relative to that of 440C steel measured 
by SOT testing was originally reported by Jones et al. (Ref. 19). This was followed up by Kim and 
Didziulis (Ref. 20) using a pin-on-disk configuration. They confirmed the observation of Jones et al. 
regarding the poor performance of Pennzanefi  2001A on 17-4 PH steel relative to 440C steel (in accord 
with the present work), but concluded that tribochemical-induced degradation of the lubricant was not the 
cause. Although there is agreement on the general effect, the disagreement as to its cause certainly merits 
further study. 

Nitinol 60 has been previously tested (Refs. 5 and 6) and was found to be lubricated without any 
problem. This capability is not so obvious since the alloy is composed of 40 wt% titanium. Since titanium 
has been shown here to be a material with extremely short lifetime (and will be noted below that it simply 
cannot be lubricated with the usual fluids), it was expected to exhibited properties close to those of 
titanium. That this was not found to be the case thus constitutes a challenge to any theory of surface 
reactivity and will be discussed in that context below. 
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Relationship to Lubrication Practice 

All tribological �bench tests� such as the SOT are subject to the question of how well they relate to 
lubrication in practice. The limited life for the present tests is generally not met in practical lubrication: 
the supply of lubricant is usually more than enough to overcome any tribochemical consumption of the 
lubricant. The practical value of the present SOT tests probably lies in the extreme cases. For example, 
steels in general certainly can be lubricated, and the lifetimes they exhibit here are taken to be typical of 
that ability. At the other extreme, it is known that titanium cannot be lubricated in practice (Ref. 21), and 
thus the very small lifetimes found here are in accord with that aspect of practical understanding. Also, 
titanium is generally acknowledged to be chemically highly reactive; in fact, it is more reactive than the 
neighboring elements in the early 3d transition metal series. The operation of the common titanium 
sublimation and sputter-ion vacuum pumps are based on the extreme reactivity of titanium (Ref. 22). So it 
is expected that titanium is found to have the shortest lifetime, which is interpreted here as having the 
greatest chemical reactivity of the materials tested. In this extreme case, the lubricant in the contact is 
totally destroyed by the nascent titanium metal, and no lubrication is possible. 

The lubrication of chromium in practice does not appear to be a problem, since �thin dense chrome� is 
used commercially on surfaces in tribological service. So, in practice, materials that exhibit lifetimes in SOT 
tests greater than� somewhat arbitrary� 50 m/�Pg on the SOT lifetime scale, appear to be capable of 
lubrication without problems. However, the lifetime of 17-4 PH steel is close to this somewhat arbitrary 
value and the problem of its lubrication with Pennzanefi  2001A has been pointed out above (Refs. 19 and 
20), although this finding with a bench test has not been confirmed in lubrication of actual devices.  

The rankings of lifetimes found here in SOT testing may provide a boundary on those materials that 
can be effectively lubricated, at least with Pennzanefi  2001A. From this point of view, Nitinol 60 with its 
average lifetime of 158 m/�Pg, about the same as that for 440C steel, lies well above this boundary value; 
and in fact, this material has entered lubricated tribological service (Ref. 6) without apparent problem. 
Thus these rankings from SOT testing may be used to qualify candidate materials for tribological service. 

Chemical Studies of Surface Reactivity 

Before considering the study of surface reactivity, it must be emphasized that behind the 
interpretation of the tribological lifetime trends in terms of intrinsic chemical reactivity of the tested 
metals, is the assumption that the lubricant Pennzanefi  2001A acts as a �neutral� test molecule to assess 
relative chemical reactivity. Of course it may not be so neutral. The use of other lubricant molecules may 
result in a different ordering of lifetimes and thus invalidate the ordering found here as indicating a true 
ranking of intrinsic reactivity. Two studies relate to this issue. The first study (Ref. 18), mentioned above, 
found that there is reduced lifetime of chromium relative to 440C steel when Fomblinfi  Z-25 is the 
lubricant. This supports the conclusion that chromium really is more chemically reactive than 440C steel 
and that Fomblinfi Z-25 can act as a test molecule to assess the relative reactivity of metals. The works of 
Jones et al. (Ref. 19) and Kim and Didzuilis (Ref. 20) come to a different conclusion: although they found 
a reduction in lifetime with Pennzanefi  2001A on 17-4 PH steel relative to 440C steel in accord with the 
present observation, a reduction in lifetime for Fomblinfi Z-25 on 17-4 PH steel was not found. So this 
observation indicates that Fomblinfi  Z-25 may not play the role of a �neutral� molecule to assess the 
relative chemical reactivity of metals. This may be due to the autocatalytic degradation of fluorinated 
lubricants such as Fomblinfi  Z-25 by surface metal fluorides that has been proposed as a life-limiting 
mechanism (Ref. 23). Thus Fomblinfi Z-25 degrades by an additional mechanism than only the direct 
reaction with the substrate metal as does Pennzanefi 2001A, and this may be responsible for its shorter 
lifetime in SOT tests (Ref. 1). This is an argument against the neutrality of Fomblinfi Z-25 as a test 
molecule. The role of Pennzanefi 2001A as a neutral test molecule to interrogate the specimen plates for 
fundamental studies of tribochemical reactivity remains contingent and should be a topic for further 
study. However, for engineering tribology, the tribologist must pick a lubricant test molecule likely to be 
used in the intended application, especially if the rankings can be affected. The ordering of lifetimes 
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found here with this lubricant is taken on face value to be indicative of the ranking of fundamental 
chemical reactivity in the following discussions. It is also in this spirit of neutrality that 52100 steel is 
chosen as the ball material for all tests because it exhibits the least triboreactivity and thus permits the 
triboreactivity of the different plate materials to be expressed more clearly. The 52100 is also the most 
common and well understood of the bearing steels.  

A theory of surface chemical reactivity would explain the observed rankings and provide a basis for 
understanding and predicting the behavior of materials not tested or used in applications. An experimental 
chemical method, possibly a photon or electron spectroscopy, would also provide understanding and 
predict the tribochemical rankings found here. It could thus screen materials before proceeding with 
tribological bench testing for candidate materials. From a technological point of view, the rankings of the 
steels and especially Nitinol 60 should be the focus of attention of both theory and experiment since the 
result of bench testing Nitinol 60 was unexpected because of its high content of titanium.  

Three approaches to surface reactivity found in the literature are discussed here. First, the HSAB 
(hard and soft acids and bases) approach was pioneered by Pearson as a method to understand reactions of 
inorganic chemicals (Ref. 24), and then greatly extended (Ref. 25) using density functional theory. It has 
also been applied to surfaces by Stair (Refs. 26 and 27). Briefly, The HSAB principle is that � a hard base 
prefers to react with a hard acid and a soft base with a soft acid.�  Metals are considered soft acids. In 
tribological work, it has been applied to understanding reactions of additives with both nascent metal and 
oxidized metal surfaces (Refs. 28 and 29). Thus far, all the experimental work that invokes the HSAB 
principle used steels (440C or 52100) as a tribological material. No comparison of results with 440C steel 
and results with 52100 steel were made, and no comments on the acidic strength of either metallic 
elements (such as Ti, V, or Cr) or alloys were made. The experimental literature on the HSAB approach 
provides no insight on the rankings found here. The theoretical literature referred to above also does not 
provide values for the acidic strengths of the different metals or alloys used here. Thus, while the HSAB 
principle found in the tribological literature has proven to be useful for understanding some aspects of 
additive reactions, it does not appear to provide an explanation for the rankings found here for elements or 
guidance for predicting the tribochemical reactivity of alloys. 

The next approach for reactivity, although not really a surface or even solid reactivity, derives from 
traditional �wet� chemistry and refers to the Pauling electronegativity scale found in elementary 
chemistry expositions (Ref. 30). In this approach, lower values of electronegativity correlate to greater 
reactivity due to the greater ease it is for the metal atom or ion to lose an electron and thus react with 
another moiety. Referring to Figure 7, in which the elements in the elements in the periodic table are 
displayed together with their Pauling electronegativity, it is seen that their decreasing value from Fe 
toward Ti correlates to increasing chemical reactivity, the same ordering found here for triboreactivity. 
No practicing chemist would be surprised at the tribochemical reactivity interpreted from the lifetime 
ordering found here for the elements. In a sense, this agreement of the lifetimes with traditional 
electronegativity concepts supports the correctness of the interpretation of tribological lifetimes of the  

 
 

 
Figure 7.�Pauling electronegativity and reactivity trend of 

early 3d elements. 
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