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Surface Chemistry of Chlorinated Hydrocarbon Lubricant
Additives—Part ll: Modeling the Tribological Interface®

T. ]J. BLUNT and P. V. KOTVIS (Member, STLE)
Benz Oil, Inc.
Milwaukee, Wisconsin 53209

and

W. T. TYSOE
University of Wisconsin
Department of Chemistry and Laboratory for Surface Studies
Milwaukee, Wisconsin 53211

In Part I (1), the concept of “Type I” antiseizure behavior for
chlorinated hydrocarbons in extreme-pressure (EP) lubrication of fer-
rous metals was introduced; interfacial temperature measurements
and surface analyses revealed that a solid lubricating layer consisting
of ferrous chloride (FeCly) and carbon prevents seizure and acts as
a solid lubricant at less than ~ 1000 K. In this paper, careful meas-
urement of the film growth and removal rates successfully rationalizes
this tribological behavior. Thermodynamic calculations also show
that iron carbides are favored at higher decomposition temperatures.
Analysis of films formed from the thermal decomposition of carbon
tetrachloride (CCly) and chloroform (CHCl) at ~1000 K using
Mossbauer spectroscopy demonstrates that iron carbide is indeed
Jormed in this case; tribological measurements also confirm this ma-
terial as critical antiseizure material at high loads in “Type II” tri-
bological behavior for chlorinated hydrocarbons with ferrous metals.

KEY WORDS

Barrier Films, Carbides, Carbon, Extreme-Pressure Addi-
tives, Iron, Mdssbauer Spectroscopy, Raman Spectroscopy,
Solid Lubrication, Thermal Degradation, Thermal Effects

INTRODUCTION

In Part I, surface analytical techniques demonstrated that
a film consisting of ferrous chloride (FeCly) and carbon pre-
vented seizure between rubbing steel surfaces in the pin and
v-block apparatus when using model chlorinated hydrocar-
bons dissolved in polyalphaolefin (PAQO). A critical interfacial
temperature for seizure was also demonstrated to be about
the melting point of ferrous chloride. In addition, a mathe-
matical relationship was established between the applied load
and interfacial temperature.

Here, film growth kinetics are measured using identical
sources of chlorinated hydrocarbon on polycrystalline iron
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foils using a microbalance so that temperature and pressure
(concentration) effects can be accurately measured. This al-
lows a2 mechanism for film growth on iron to be determined.
Thermodynamic principles can also be used to confirm likely
interfacial materials present once the interfacial temperature
is determined. Independent determinations of film growth
rates by microbalance experiments and removal rates by the
pin and v-block apparatus for methylene chloride are suc-
cessfully used to derive a relationship between seizure load
and additive concentration. This is done by assuming that the
reactively deposited lubricating film is completely removed
when the applied load reaches the seizure load (2). Different
interfacial materials are then identified as preventing metal-
to-metal seizure at the sliding interface. Iron (II) chloride was
identified as that crucial material at lower interfacial temper-
atures (1) while iron carbide is identified for the approxi-
mate temperature range, 1000-1500 K.

EXPERIMENTAL

Film Growth Apparatus and Procedure

A #2002 Cahn Electrobalance Model RG was used to meas-
ure film growth on iron surfaces by reaction of chlorinated
hydrocarbons. Figure 1 schematically shows the aluminum
microbalance enclosed in a glass chamber along with its con-
troller, a recorder, power supply and separate temperature
controller (precision to *2 K). The enclosing glass envelope
is connected to a vacuum line and can be pumped to a
mTorr vacuum using a rotary pump. A diffusion pump can
then be used to obtain pressures close to a pTorr before
heating to the desired temperature. Film growth on the foil
was recorded with respect to time and the variation of mass
with time was converted to film thickness assuming that the
film consists entirely of ferrous chloride. This will not yield
accurate absolute values for the thickness of the films al-
though relative values will be accurate (3). Absolute weight
changes in the foil were also determined using an analytical
balance.
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Fig. 1—Schematic diagram of the microbalance used for film growth
studies.

Iron foils used for these experiments were obtained from
Johnson Matthey Aesar Group with a purity of 99.999 wt.%
and 25 um thickness. They were cut into 10 mm X 30 mm
pieces, giving a total surface area ~6 X 10~ % m2 These were
mounted onto the end of one arm of the microbalance using
a quartz fiber and grossly balanced using a counterweight
attached to the other arm. Standard cleaning procedures for
evacuated-microbalance specimens were used on these poly-
crystalline iron foils.

The chiorinated hydrocarbons were of the highest purity
available commercially (typically 99.9+ %; Aldrich Chemical
Co.) and stored in glass vials. They were outgassed in vacuum
several times prior to use. The same sources of these chem-
icals were used as for the tribological experiments.

Méssbauer Spectroscopy

Bulk film Mossbauer spectra were recorded on a constant
acceleration spectrometer model MS-1200D from Ranger Sci-
entific using a 57Co source in a rhodium foil purchased from
Du Pont Merck Pharmaceutical Co. They were collected at
room temperature and isomer shifts were quoted relative to
iron metal at room temperature. The resulting spectra re-
vealed the presence of cementite, FegC, grown on the iron
foils upon exposure to chlorinated hydrocarbon vapors in the
film growth experiments above at the same temperatures as
those attained tribologically (4).

RESULTS AND DISCUSSION

Type | Behavior

Film Growth

Anticipating the balance between film growth and removal
as key to predicting seizure, film growth studies under well-
defined conditions were conducted in the microbalance to

determine the kinetics of film growth as well as the compo-
sition of these smooth films. By varying concentration (pres-
sure) and temperature of the chlorinated hydrocarbon in the
microbalance, the rate expression for film growth from the
chlorinated methane most typical of Type I behavior, meth-
vlene chloride (CHCly), was derived. Assuming constant
film density, Figs. 2 and 3 show the results of typical experi-
ments used to derive the initial film growth rate 7g (in pm/
min of ferrous chloride (FeCly)) for methylene chloride:

e = Ap =" exp[(-41 % 02 x 109/RT] (1]

where A is a constant, p pressure (in Torr), R the gas law
constant (in Joules) and T the Kelvin temperature. Note from
Eq. [1] that the growth activation energy E, = 41 k]/mol is
in the range expected for chemisorption rather than physi-
sorption. It is much less than the average C-Cl bond strength
for methylene chloride (CHCly) (5). This indicates a cata-
lytic effect for bond scission at the surface of the growing
film, based on the assumption that this is the rate limiting
step for film growth. The first-order pressure dependence
shown in Eq. [1] suggests that this is true.

Comparison of film thicknesses per unit area for three
chlorinated methanes is shown in Fig. 4 at a common tem-
perature (746 K). Although chloroform (CHClg) grew a film
on iron significantly more rapidly than methylene chloride
(CHgCly), neither comes close to the rate for carbon tetra-
chloride (CCly). It is important to note that these results
show a close correlation to the relative efficacy of these chlo-
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Fig. 2—Plot of film growth rate vs. methylene chloride pressure for film
growth from the thermal decomposition of methylene chloride
{CH,Cl,) on an Iron foll; its linearity indicates that the reaction
order Is one for methylene chioride in the rate law expression.
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Fig. 3—Arrhenius plot (In (rate) vs. U'T) for fllm growth from the thermal
decomposition of methylene chloride (CH,Cl;) on an iron foll; its
slope is equal to the activation energy for film growth divided by
R. See Fig. 2 for rate units.

rinated hydrocarbons as EP additives (Fig. 2 of Ref. (1)). An
understanding of differences in the mechanisms of film
growth between chloroform and methylene chloride could
possibly explain differences in seizure load limits for Type I
behavior, i.e., the plateau levels of these response curves, for
chlorinated hydrocarbons as a class. Potentially, this under-
standing could provide the key to understanding effective EP
lubrication for other chemistries.

Therefore, determination of film growth kinetics was car-
ried out for chloroform and carbon tetrachloride and the
results are discussed in detail elsewhere (6), (7). Briefly,
however, the form of the film growth curve for both chlo-
roform and methylene chloride is given as

X = X,[1 — exp(—b)] [2]

where X is film thickness, X,, its maximum for time (¢) — ®
and b a constant, all of which depend on temperature and
pressure (concentration). A rate law expression was derived
for chloroform by the same procedures as were used to meas-
ure the initial growth rate for methylene chloride as shown
in Eq. [1] above. This reveals a similar first-order dependence
in the initial growth rate as a function of chloroform pres-
sure. The variation in the maximum film thickness (the value
X,,, which is indicated by the presence of plateaus in Fig. 4)
was nearly independent of the pressure of chloroform and
weakly dependent in the case of CHyCly (6). This saturation
in film growth has been ascribed to the poisoning of active
sites for bond breaking on the film surface by carbon. Sur-
prisingly, the growth of films from carbon tetrachloride

w
(5]
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| foil, 766K
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2:0
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Flg. 4—Plot of average flim thickness per unit pressure as a function of
time measured in the microbalance for the reaction of carbon
tetrachloride (CCl,), chloroform (CHCI,) and methylene chloride
{CH,CL,) vapor with iron foll at 746 K; this thickness In each case
has been divided by the pressure of the respective chlorinated
hydrocarbon.

(CCly) did not show the same thickness dependence as Eq. [2],
but rather, under suitable conditions, a form was found where

X2 = ¢y [3]

where ¢ is a constant (7). The growth kinetics reverted to a
linear law at lower reaction temperatures. Figure 5 shows this
parabolic growth form at different temperatures. This is typ-
ical for a film growth mechanism where the rate of ion dif-
fusion through the film is the rate determining step (8). In
addition, since the growth did not saturate at some maximum
thickness, site blocking did not appear to be taking place for
carbon tetrachloride (CCly).

Surface spectroscopies were then performed on these
smooth films grown on iron foils. Figure 6 (lower) shows a
typical Raman spectrum for methylene chloride and indicates
the presence of iron chloride and carbon (see Ref. (1) for
experimental details of Raman spectroscopy also used there).
Similar results are obtained for films grown from chloroform.
The broad doublet at ~1850 cm~! and ~1600 cm™! also
provides a means to determine the size of these graphitic
particles in the iron chloride matrix. The particle size was
nearly the same (~50 &) for both methylene chloride and
chloroform (the latter not shown) (6). Figure 6 (upper), how-
ever, shows the complete absence of carbon particles in films
grown from carbon tetrachloride (CCly) at these tempera-
tures. Also, the ratio of Raman peak sizes for iron chloride
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Fig. 5—Plots of flim thickness vs. time for the thermal decomposition of
55 Torr carbon tetrachloride (CCl,) on an iron foil measured using
the microbalance as a function of sample temperature; these
temperatures are marked adjacent to each of the curves.

to the sum of these carbon peaks for chloroform relative to
methylene chloride is approximately the same as the CLC
ratio in the respective additives, i.e., 3:2 (6). It is interesting
to note that the film growth curves of Fig. 7 for chloroform
show an abrupt increase in film growth rate and maximum
film thickness as the reaction temperature reaches 600 K.
The corresponding growth curves for methylene chloride
(CHyClg) (not shown; (3)) and carbon tetrachloride (Fig. 5)
show a similar, but less abrupt, change at this temperature.
It has been shown by monitoring the carbon coverage on an
iron foil in ultrahigh vacuum using Auger spectroscopy that
carbon diffuses rapidly into the bulk of the iron sample when
it is heated to ~600 K (4). This suggests that diffusion of
poisoning carbon away from active sites of the growing film
and into the iron chloride or metal substrate may cause the
increased growth rate above this temperature. This observa-
tion is also consistent with the absence of carbon peaks from
the upper Raman spectrum of Fig. 6 for the apparently most
efficient EP additive, carbon tetrachloride (CCly). To further
probe this effect, films formed on iron foils by reaction with
chloroform and carbon tetrachloride at high temperature
were investigated using Méossbauer spectroscopy. This re-
vealed the presence of ferrous chloride (FeCly), but other
peaks were evident in both cases, corresponding to about
15% of the total sample, with an isomer shift 8§ = 0.19 mm/s
and H;,, = 20.8 T, which are characteristic of cementite
FegC (9). This observation is consistent with the diffusion of
carbon into the bulk of the iron and eventual carbide for-

50
Raman spectra
Carbon tetrachloride / Iron
40 P =55 Torr
T=532K
o .
S 3l Iron chloride
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(/2]
o
2 ~
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© P =15 Torr
i T =508 K
10 - | Iron chloride
0
180 500 1000 1500 2000

Raman shift/cm- 1
Flg. 6—Raman spectra of films grown on an iron foil by the thermal de-
compasition of 55 Torr of carbon tetrachloride (CCl,) at 532 K;
shown for comparison is the corresponding spectrum for the
thermal decomposition of methylene chioride (CH,Cl,; 15 Torr at
508 K).

mation. It is likely that, at the high temperatures attained
during extreme-pressure lubrication, the chlorinated hydro-
carbon additive completely thermally decomposes to form
carbon and iron chloride. This will then lead to a film com-
position that merely reflects the stoichiometry of the reacting
precursor chlorinated hydrocarbon and also rationalizes the
relative intensity ratios of the iron chloride and carbon peaks
measured in Raman spectroscopy referred to above. This idea
has recently been confirmed in molecular beam experiments
on clean iron foils in ultrahigh vacuum.

Film Removal

The pin and v-block apparatus was then used to determine
removal rates for these films as a function of load. Using a
constant speed and time, a form of the Archard wear equa-
tion was used (10):

V=cL/S (4]

where V is the wear volume per unit (or constant) sliding
distance, ¢ a constant, L the cortact load and S the shear
strength of the interfacial material, i.e., the grown film sep-
arating the steels (11) which consists of a ferrous chloride
layer which is continually replenished by reaction with the
chlorinated hydrocarbon additive. Note, however, that steel
is ultimately removed from the surface of the pins and the
v-blocks so that V in Eq. [4] refers to the volume of steel
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Fig. 7—FlIm thickness vs. time measured using the microbalance due to
the thermal decomposition of 70 Torr of chloroform (CHCl,) on
Iron as a function of sample temperature.

removed. If the rate of film growth represented by Eq. [1]
for methylene chloride is greater than the rate of its removal,
one would expect effective EP lubrication for suitably smooth
surfaces, i.e., no seizure or galling due to metal-to-metal con-
tact. Figure 8 shows the rate of removal of the film grown on
the v-block during lubrication by methylene chloride in PAO
as a function of load measured in the pin and v-block appa-
ratus. The measurement of wear scars for the constant sliding
distance provided the volume of the removed film for the
ordinate of Fig. 8 (3). The shape of this curve reflects the
shear strength dependence on load, and therefore interfacial
temperature. Using thermodynamic arguments, Ernst and
Merchant derived the temperature dependence of the shear
strength as

S = SoinT,/T [5]

where Sy is a constant, T, the melting temperature of the in-
terfacial film and T the interfacial temperature (both in K)
(12). The interfacial temperature dependence on load for this
pin and v-block arrangement was determined in Ref. (1) as

T=Tyo+ al [6]

where Tj is the bath temperature (322 K}, L the direct load
in Newtons and the constant a = 0.25 K/N. Combining Egs.
{4] and [5] with Eq. [6] and using a standard least-squares
fitting procedure for the data of Fig. 8, the following expres-

80
CHoCly; 25 wt. % Cl

10 T=916K, Ls=260kN o
60
50
40
30
20

10

Wear/mm3x10-3

0
0 20 -0 60 -80 100 120 0 10
Load/kN

Fig. 8—Plot of volume of material removed in 600 s as a function of load
obtained with a pin and v-block apparatus using methylene chlo-
ride (CH,Cl,) at a concentration of 2.5 wt.% chlorine.

sion for film removal rate 7, as a function of load can be
derived:

r, = a L/In[T,/(Ty + aL)] [7]

where all constants were separately determined to obtain the
best fit and found to be Ty = 300K, ¢ = 0.24 K/N, T,, =
916 K and the constant @ = ¢/Sp = 1.32 X 10~% mm3/
N-min. The corresponding plateau seizure load is indicated
in this curve as L; corresponding to the load at which the
interfacial temperature is T, These agree well with experi-
mental or previously determined values. Note that the melt-
ing point for the interfacial film is somewhat lower than the
pure compound (916 K vs. 943 K (13)) which may be a result
of the presence of carbonaceous contaminants in the film.
However, the melting point for ferrous chloride (FeCly) is
within a standard deviation of the measured value.

Model for Type I Behavior
By combining the independently derived expressions for
film growth and removal rates, the net rate of halide film
growth becomes
ax/dt = r, — 1, [8]
This is cast into a numerically soluble equation by using the
interfacial temperature dependence on load, Eq. {6], to sub-
stitute for T in the film growth expression, Eq. [1], and then
by substituting Eqgs. [1] and [7] into Eq. [8]). Note that the
removal rate in Eq. [7] refers to the wear rate of steel and
dX /dt refers to the reactively formed halide film so that these
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CHZClZ
Simulation

Film thickness, um

Load/kN

Fig. 9—Theoretical lubricating film thickness at the pin and v-block in-
terface as a function of load using 0.175 wt.% Iincremental con-
centrations of methylene chloride (CH,Cl;) (a-f), starting at
0.175%.

must be corrected to both refer to halide film thickness.
Therefore, solving the general differential equation of Eq. [8]
for any additive concentration, and using the linear loading
of the contact with time utilized in these experiments, yields
the film thickness as a function of load during the experi-
ment (2). The result is shown in Fig. 9 for the concentrations
(a) to (f) with 0.175 wt.% increments, starting at 0.175%.
Partial pressures for the gases of r, are proportional to con-
centration here through the ideal gas law and their molec-
ular weights. The zero point constant, i.e., the film thickness
at t = 0 (assumed to be about the same for all concentra-
tions), was the only adjustable parameter; this value was set
at the value of 0.2 pm to obtain the best fit (3). This value
is nonetheless consistent with the film thicknesses found by
the tribological surface analyses of Ref. (1). The load where

= 0 for any one concentration is then the seizure load.
The value theoretically predicted using this model is plotted
as a solid line in the seizure load wvs. additive concentration
curve in Fig. 10. Comparison to the methylene chloride
(CHCly) data in Fig. 2 of Ref. (1), i.e., typical Type I tri-
bological behavior, shows good agreement. For convenience,
the data of this Part I figure is indicated as solid circles in
Fig. 10.

Type Il Behavior

General Expression for Interfacial Temperature

Figure 11 shows the analogous chloroform wear rate curve
at the same chlorine concentration as that for methylene
chloride in Fig. 8. A significantly higher load is asymptotically

CHZClZ dissolved in PAO

Seizure Load/kN

® [xperiment
— Theory

—-_—
N
|

0 | 1 ]
0 10 2:0 30

Additive Concentration/wt.% ClI

Fig. 10—Theoretical curve for the load at selzure as a function of meth-
ylene chloride (CH,Cl,) concentration in PAO fitted to the ex-
perimental data with the assumption that the lubricating film
thickness is zero at selzure.

| [ I | [ |
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0-6/~ applied load
Chloroform in PAO A
05~ 2:5wt.% chlorine ]
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Wear/mm3/600s
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Fig. 11—Plot of volume of material removed in 600 8 as a function of
load obtalned using the pin and v-block apparatus with 2.5 wt.%
Cl from chloroform (CHCI,) dissolved in PAO.
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Fig. 12—Plot of torque vs. load in the pin and v-block apparatus when
using methylene chloride (CH,Cl;) and chloroform (CHCI;) as
additives. ;i = slope X 117 m~ (a geometric factor).
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approached in this case. A rigorous derivation of the inter-
facial temperature as a function of load is given elsewhere
(3) and shows dependence on the coefficient of friction, as
one might expect, since this derivation is simply based on the
rate of frictional energy loss in an environment of constant
thermal conductivity. A more general relationship corre-
sponding to Eq. [6] that explicitly takes variations in coeffi-
cient of friction into account is then:

T = T, + 0.25[n/w(CH,Cl)]L [9]

where the expression in brackets represents the ratio of fric-
tion coefficients for any lubricant to that for methylene chlo-
ride. Equation [9] and friction coefficient determinations,
e.g., from the slopes of Fig. 12 for chloroform compared to
methylene chloride, explain the higher loads obtainable for
chloroform in Fig. 11 (6). In addition, such friction coeffi-
cient determinations assist in identifying other seizure-
preventing interfacial materials as explained below.

Film Removal at High Concentrations and Loads:
Carbide Formation

Figure 13 shows the removal rate curve for carbon tetra-
chloride (CCly) at the same chlorine concentration as used
for chloroform (CHClg) and methylene chloride (CHyCly)
above (note that no ‘‘plateau’ concentration was found for
carbon tetrachloride). Included at the top of the plot is the
corresponding interfacial temperature calculated from Eq. [9]

40y i T T 1
B CClA;Z-Swf.% chlorine

930K 14:80K
30 H —

35

2-5-

2:0-

Wear/mm?3

15

L

05 =

J

0.0..:L.=lﬂ|1/l | |
01 2 3 4 § 6
Load/kN

Fig. 13—Plot of the amount of material removed from the surface of the
v-block in 600 s vs. the applied load in the pin and v-block ap-
paratus for a lubricant consisting of carbon tetrachloride CCl,
dissolved in PAO using 2.5 wt.% chiorine.

L 1 |
7 8 9

using the proper friction coefficient for carbon tetrachloride
obtained from its torque wvs. load plot (not shown) (14). Also
indicated are the apparent critical antiseizure temperatures
for different wear regimes and the interfacial materials that
correspond to these melting temperatures (1), (15), (16). It
is also likely that the PAO diluent itself participates in film
formation by contributing carbon, especially at higher inter-
facial temperatures (I7). As indicated above, Méssbauer
spectroscopy and film growth kinetics are consistent with the
movement of carbon into the bulk metal. Ultrahigh vacuum
(UHV) surface chemical experiments performed here and by
others are consistent with this concept (18), as well as the
common experience of heat treaters who carbide steels by
taking them to the ferrite-to-austenite transition temperature
(~1000 K) for hardening them and making them more wear
resistant,

Chloroform, when the concentrations are high enough to
prevent seizure, also demonstrates Type II behavior like car-
bon tetrachloride. This is seen in Fig. 14 when concentrations
of the chloroform exceed approximately 4 wt.%, below which
a “plateau” region characteristic of Type I behavior is seen.
Thus, the shape of its plot of wear rate vs. load in Fig. 15
differs significantly from its shape at lower concentrations in
Fig. 11 and so, for high additive concentrations, is more like
that of carbon tetrachloride. The removal curve of Fig. 15
also shows an analogous but much less pronounced transition
to higher wear rates near 940 K, ~0.05 mm? in 600 seconds,
than for carbon tetrachloride in Fig. 13, ~1 mm?3, In these
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Fig. 14—Plot of selzure load vs. additive concentration measured using
the pin and v-block apparatus when using carbon tetrachloride
(CCl,; ®) and chloroform (CHCI,; ®) as additive dissolved in a
polyalphaolefin (PAO).

removal experiments the concentrations of carbon due to the
additive alone is 1.0 wt.% [9% X 12/(3 X 35.5)] for chlo-
roform (CHCls) and 0.2 wt.% [2.5% X 12/(4 X 35.5)] for
carbon tetrachloride (CCly). The greater concentration of
carbon from the additive in the former case, in spite of a
lower total carbon content in the resulting test lubricant, may
nonetheless cause more carbide formation at the tribological
interface than for the carbon tetrachloride experiments, an
otherwise better carbide former at the same chlorine con-
centration, as demonstrated in Figs. 11 and 13. This then may
explain the much lower wear rate seen between ~940 and
~1500 K for chloroform in Fig. 15 compared to that for car-
bon tetrachloride in Fig. 13. This is also in spite of a signifi-
cantly more ‘‘corrosive’”’ environment, i.e., higher chlorine
concentration for the chloroform experiments (9%), espe-
cially at these high interfacial temperatures. Although this
additive carbon could also have a moderating effect on this
*‘corrosive wear’’ process, in any case the sharp rise in wear
rate near ~7400 N for both removal curves corresponds to
an interfacial temperature of ~1500 K, very close to the
melting/decomposition temperature for cementite, FegC
(19). Others have more directly measured interfacial tem-
peratures in excess of 1500 K under such extreme pressure
tribological conditions in metalworking (20).
Thermodynamic verification of this carbide formation phe-
nomenon was sought using a readily available software pack-
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Fig. 15—Plot of the amount of material removed from the surface of the
v-block when using chloroform (CHCIl,) dissolved in PAO at a
concentration of 9.0 wt.% chlorine. Multiplication of open circle
wear values by 20 (as indicated) gives the solid circle values
consistent with the ordinate shown. Filled circles nonetheless
show the break at ~3500 N more clearly while open circles are
more consistent with the ordinate scale of Fig. 13.

age (2I). This program simply minimized the Gibbs free
energy for a system containing Fe, Cl and C at any temper-
ature. Figure 16 shows the relative amounts of solid, interfa-
cial materials as a function of temperature calculated by this
method. One would expect the relatively soft carbon film to
provide little resistance to shear and wear but perhaps pro-
tect somewhat against the corrosion represented by FeCl; for-
mation, also consistent with the region between 1000 and
1500 K in the removal rate curves discussed above (Figs. 13
and 15) and especially for CHClg. One can also confirm the
thermodynamics of carbide formation here simply by cou-
pling this to the iron chloride formation reaction to get a
net negative free energy change, a standard technique in
physical chemistry (22).

Role of Carbon at Lowest and Highest Loads

Carbon appears to play many roles in addition to carbide
formation and protection against the rapid ferrous chloride
(FeClg) formation alluded to above at high interfacial tem-
peratures. The Raman spectroscopy results described above
reveal the presence of ~50 A-sized particles when using both
chloroform and methylene chloride with a proportionately
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Fig. 16—Plot of the thermodynamically predicted product distribution for
the reaction of chloroform (CHCI,) with excess iron as a func-
tion of reaction temperature.

higher particle concentration for the latter, consistent with
its relatively higher carbon-tochlorine stoichiometry, The
higher coefficient of friction (p) for methylene chloride
(CHCly), as indicated by its greater slope in Fig. 12 com-
pared to chloroform (CHCls), may then be the result of
these carbon particles interfering with the shear planes of the
lamellar ferrous chloride (23) as these planes slide past-one
another during lubrication. Higher interfacial temperatures
and removal rates at constant load would then also result
under these conditions. These friction coefficient differences
mean that a lubricant containing methylene chloride as an
additive reaches the ferrous chloride melting point more rap-
idly, i.e., at lower applied loads, during loading to seizure
than when chloroform is used as an additive at the same
chlorine concentration. This means that the plateau level for
seizure load as a function of concentration (Fig. 2 of Ref.
(1)) is higher when chloroform is used as an additive than
when methylene chloride is used (6). The lack of carbon in
the Raman spectrum of films grown from carbon tetrachlo-
ride (Fig. 6) would then also explain its even lower coeffi-
cient of friction . (0.075), as well as wear, and predict that
it should display the observed best EP performance. Thus,
carbon appears to interfere with effective lubrication at typ-
ical EP loads.

Carbide Formation at Asperities

A series of coefficient of friction determinations were also
run on several chlorinated hydrocarbons at a much lower
load (440 N) but where iron-containing wear debris was
nonetheless being generated, see Fig. 17. The measured co-
efficients of friction are plotted against additive carbon con-
tent in solution, i.e., that coming from the additive alone,
and show its decreasing, essentially linear, dependence on
this content (longer line of Fig. 17). Also shown in this figure
are the wear rates for the chlorinated methanes (CHyCly,
CHClg and CCly) discussed above under these low load con-
ditions ( 4 ). All wear rates for these chlorinated hydrocarbon
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Flg. 17—Coefficient of friction p. and v-block wear volume ( ¢) after 5400
s as a function of additive carbon content in solution for various
chlorinated hydrocarbons dissolved in PAO measured at a load
of 440 N. Chlorine concentration is held constant (1.68 wt.%) so
that elemental composition is approximately the same for afl
blends. Alt other symbols, through which the longest line Is
drawn, represent different chlorinated hydrocarbons; from left-
to-right with decreasing u, they are carbon tetrachlioride (CCl,;
A), chloroform (CHCl,; ¢), hexachloroethane (C,Cl,; also ), pen-
tachloroethane (C,HCl;; Xx) 1,1,1,2-tetrachioethane (C,H,Cl,;
+), methylene chloride (CH,Cl,; 0) and 1,4-dichlorobutane
(C4HsCly; B). The shorter line represents the chlorinated meth-
anes: carbon tetrachloride (CCl,), chloroform (CHC!,) and meth-
ylene chioride (CH,Cl,) (left-to-right).

experiments were, nonetheless, within the range of values
indicated by this shorter line, between 0.01 and 0.10 mm?3,
The elemental composition for each PAO + additive com-
bination, where the additive concentration is varied to main-
tain a constant chlorine concentration, was nonetheless
approximately the same for these relatively dilute solutions.
Of course, the straight PAO carrier, indicated at p = 0.08
on the left ordinate, contains no chlorine.

Although the shorter line of Fig. 17 indicates that, as pre-
dicted above, removal rates for these chlorinated methanes
increase with additive carbon content, p decreases at the
same time, contrary to that prediction. The decreasing trend
in W is also seen to extend well past the chlorinated meth-
anes. Also as predicted and mentioned above, however, at
much higher loads (1-3 kN), p correspondingly increases
with additive carbon content for the chlorinated methane
series (not shown in Fig. 17) (6), (14). This effect can be
explained using the above model of forming halide films,
since the surface roughness is largely maintained at these low
loads so that now asperities carry most of this load and so
experience a severe local EP and temperature condition. This
results in their hardening by carbide formation. Therefore,
even while wear remains low, indicative of carbide-forming
additives p remains high due to the roughness. This effect is
largely missing at higher loads. Note that electron micro-
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graphs also confirm a smoothening effect in the sliding di-
rection as load increases under these chemical conditions
(11). In particular, carbon tetrachloride (CCly) prevents
wear most effectively while having the highest p of all those
studied. As observed above, it would likely also form carbide
most readily under these conditions as well. Thus, carbon
appears to decrease wear through carbide formation even
under low load, but nonetheless boundary, conditions.

Carbon Accumulation between Asperities

At these low loads the formation and/or accumulation of a
soft, low shear strength polymer or other carbonaceous ma-
terial in the valleys between asperities is also consistent with
the above observations concerning Fig. 17. The coefficients of
friction for the PAO solutions reflect that it is the carbon from
the additive that seems to be directly controlling this property
in an essentially linear fashion. Recall the increased surface
site poisoning by carbonaceous material with increasing addi-
tive carbon content in the film growth experiments above and
as demonstrated in Fig. 4. This implies a nonuniform distri-
bution of elements within the growing film depending upon
the molecular structure of the chlorine carrier. It also implies
that the carbonaceous material from the additive would be
found especially in the outermost layers, which are most likely
to be displaced into the interasperity region. This is consistent
with the decreasing trend in p. with increasing additive carbon
content seen in Fig. 17 and is particularly demonstrated by 1,4-
dichlorobutane (C4HgCly; ®). This most complex and highest
carbon-containing, chlorinated hydrocarbon shown here pro-
vided the lowest, almost hydrodynamic, value for p. Solid ma-
terial was nonetheless being removed from the surface but at
a much reduced rate frém that predicted by an extension of
the shorter line of Fig. 17 to the appropriate additive carbon
percentage for this additive.

One might expect a low rate of wear for the additives dis-
playing the lowest coefficient of friction, since by Eq. [9] its
interface should have the lowest temperature and interfacial
material of the relatively highest shear strength by Eq. [5]
and therefore lowest wear rate by Eq. [4]. However, this as-
sumes constant interfacial composition. In spite of essentially
constant overall lubricant elemental composition, the regu-
larly changing values for p. in these experiments indicate oth-
erwise. Nonetheless, if the additive carbon does not readily
form an iron carbide to mediate wear, it appears to moderate
wear yielding values much less than predicted by the short
chlorinated methane line of Fig. 17 for chlorinated hydro-
carbons of longer carbon chain. It would appear to be doing
this by filling the interasperity region with a carbon-rich,
PAO-insoluble material, displaced from the outermost,
carbon-rich layers of the growing asperity film to help bear
some of the load.

One can also imagine this surface segregation being de-
stroyed to give a more uniform film as one loads the interface
to higher loads, thereby trapping the carbonaceous material
while ‘““mixing”’ it with the more carbon-poor material on the
asperities which is being sheared down. This mixing process
apparently produces the tribological films of composition re-
flective of the additive carbon-to-chlorine ratio found previ-
ously at higher loads and mentioned above (6), (14).

Evidence of this ““filling-in”" process is also given by the rel-
atively low value of p but greatest wear for the PAO alone,
as indicated on the ordinates of Fig. 17. In the absence of
chlorinated hydrocarbons, the asperity tips, especially as the
thin oxide layer is removed to expose bare metal during rub-
bing, clearly catalyze hydrocarbon decomposition to provide
possible filling material for the interasperity region. This de-
composition is likely much slower and apparently not a sig-
nificant factor in the presence of filmcovered surfaces
derived from chlorinated hydrocarbons, as at least the coef-
ficient of friction data of this figure would indicate.

In spite of the relatively low value for ., the much higher
level of wear for the PAO-only experiment compared to all
the others indicates that such material from decomposition
is not significantly able to produce an iron carbide layer to
mediate wear. In addition, this PAO-derived material cannot
prevent catastrophic failure at even relatively low loads (500-
1000 N). Thus, in addition to increasing the rate of carbide
formation, carbon, coming mostly from the additive, also ap-
pears to decrease wear at low loads in a less significant way
than carbide formation by providing a low shear, carbona-
ceous interasperity material to help bear some of the load.

Highest Loads: Unifying Concepts

Under the very high applied loads characteristic of Type II
behavior, carbon appears to be playing still another role to
prevent seizure, as indicated at the highest loads of Fig. 13.
The high wear rates there indicate that both ferrous chloride
(FeCly) and carbide (FesC) are easily removed from the in-
terface above ~1500 K, which suggests the presence of an
iron chloridegraphite complex (24). This complex or even
graphite (C) itself generates a value for p similar to that
found here (about 0.15; (15), (25)) and happens to be prac-
tically the same as the highest values for even the low-load
EP data of Fig. 17. Perhaps this similarity indicates the same
load-bearing substance is involved in both cases if one can-
not, as above, simply invoke the concept of a *‘roughness
component’’ for p to explain its highest value in the low-load
case.

Stated differently, if the asperity tips bearing the low loads
in Fig. 17 have the same film compositions as nearly the en-
tire apparent area of contact for the highest loads of Fig. 13,
interasperity contributions to the friction coefficient or fric-
tional force may be negligible, especially in the case of simple
chlorinated hydrocarbons (having a small proportion of car-
bon) dissolved in the PAO, thereby giving p =~ 0.15 in both
high and low load cases. This finding may then simply be a
demonstration of the basic tribological principle that contact
area is proportional to load. Thus, the coefficient of friction
is the same at greatly different loads if the real area of contact
has the same composition. Nonetheless, at the highest loads
reached in the presence of chlorinated hydrocarbons, where
extremely high interfacial temperatures are attained, the hy-
drocarbon carrier itself may also contribute to carbon dep-
osition (I7) and even graphitization, since graphite is the
preferred carbon form above ~2800 K (16). Thus, carbon in
the additive appears to be fundamentally affecting p and
wear at all loads. The carbon available from the additive and
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its mobility (especially in forming iron carbide) apparently
control the direction of its effect at any particular load.

CONCLUSIONS

Ferrous chloride and apparently carbon from chlorinated
hydrocarbon additives both play important and varied roles
under EP lubricating conditions. It may be rationalized that
carbon’s availability and movement within the sliding surface

reaction layer affects seizure load, p and wear rates and the’

transition from Type I to Type II behavior.
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