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To explore the effect of molecular structure on the boundary friction properties of ZDDP tribofilms, seven 
ZDDPs have been studied in rolling/sliding and pure sliding conditions. Primary ZDDPs with linear alkyl chains 
give lower friction than those with branched chains, while a primary cyclohexylmethyl-based one gives the 
highest friction. The three secondary ZDDPs studied show similar boundary friction coefficients. Study of pre-
formed ZDDP tribofilms rubbed in other ZDDP-containing lubricants or base oil shows a rapid change of both 
tribofilm thickness and friction properties upon change of lubricant. 
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1. Introduction 

Since 1940s, ZDDP has been employed in engine oils and 
later other lubricants to protect rubbing surfaces from 
wear and oxidation [1]. It is now widely recognized that 
ZDDPs form thick tribofilms on rubbing surfaces to 
avoid the latter’s direct contact. Unfortunately, these 
tribofilms are primarily pad-like and thus rough, which is 
believed to increase boundary and mixed friction [2]. 
Understanding how the ZDDP structure affects the 
friction properties of their tribofilms will help optimizing 
ZDDP molecular structure to reduce friction and thus 
benefit fuel economy.  

2. Methods 

To evaluate the effect of alkyl structure on tribofilms 
friction properties, seven ZDDPs with different alkyl 
groups were studied – four primary ones with linear 
chains, branched chains and cyclic-based groups, as well 
as three linear/branched alkyl chain secondary ones. A 
widely used commercial group II mineral oil was 
employed as base oil. 

A Mini Traction Machine with Spacer Layer Imaging 
(MTM-SLIM) and a High Frequency Reciprocating Rig 
(HFRR) were used to study ZDDP tribofilms in both 
rolling/sliding and pure sliding contact conditions, 
respectively. SLIM provides film thickness 
measurements in situ to monitor ZDDP tribofilms growth.  

3. Results 

All seven ZDDP-containing lubricants were tested using 
MTM-SLIM. Friction coefficient versus entrainment 
speed curves are shown in Fig. 1 for the primary ZDDPs. 
 

 
Figure 1: Friction coefficient vs entrainment speed 

curves for primary ZDDPs.  Dotted lines are curves at the 

start of tests. 

 

The four primary ZDDPs gave boundary friction 
coefficients in the group order 

 

dodecyl- < octyl- < ethylhexyl- < cyclohexylmethyl- 
 

Secondary ZDDPs showed less variation in boundary 
friction after two hours rubbing, with 4-methylpent-2-yl 
and oct-2-yl- being similar and but-2-yl being slightly 
lower. 

 
Figure 2: Friction coefficient vs entrainment speed 

curves for secondary ZDDPs. 

 

Tests were also carried out in which a ZDDP tribofilm 

was formed by one ZDDP and the lubricant replaced by 

a base oil and then rubbing continued. With base oil this 

generally resulted in an immediate change to a friction 

coefficient of ca 0.12 as shown in Fig. 3.  

 
Figure 3: Variation of friction coefficient during a test in 
which ZDDP solution were replaced by base oil. 
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