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THE  INFLUENCE  OF  ZINC  DIALKYLDITHIOPHOSPHATE  
AND  PHENOL  ANTIOXIDANT  ON  THE  EFFICIENCY  
OF  UNSATURATED  ANTIWEAR  ADDITIVES 

WPŁYW  DIALKILODITIOFOSFORANU  CYNKU  (ZDDP) 
ORAZ  PRZECIWUTLENIACZA  FENOLOWEGO  NA  EFEKTYWNOŚĆ 
NIENASYCONYCH  DODATKÓW  PRZECIWZUŻYCIOWYCH

 Key words:  antiwear additives, antioxidants, boundary lubrication chemistry, tribological properties, additive interactions.

 Abstract The aim of the work was to determine the influence of antioxidants, i.e. 2,6-ditertbuthylphenole  (DBF) 
and zinc  dialkyldithiophosphate (ZDDP) on the antiwear (AW) activity of the model lubricant, containing 
1% w/w  3-allyloxy-1,2-propandiol in n-hexadecane (C16). The results have shown no negative impact of 
phenol antioxidant on the overall antiwear efficiency of the unsaturated additive. The other type of antioxidant 
(ZDDP) not only maintained the initial AW properties of the additive but also enhanced its final efficiency 
by 80% in comparison to the n-hexadecane containing 1% AW additive. The deposited wear products 
were examined by SEM/EDS and other spectral techniques, i.e. XPS, FTIR, and SIMS, which allowed the 
investigation of their chemical structure and the phenomena of boundary lubrication. The observed antiwear 
effect is associated with the establishment of the boundary layers of both organic and inorganic products 
formed on the lubricant-surface interface. No inhibition of oxidative processes revealed by AW additive 
indicates complex tribochemical conversions of a nature that is different from typical radical mechanisms. 

 Słowa kluczowe: dodatki przeciwzużyciowe, dodatki przeciwutleniające, chemia smarowania granicznego, właściwości 
tribologiczne, interakcje dodatków.  

 Streszczenie Celem pracy było określenie wpływu przeciwutleniaczy, tj. 2,6-di-tert-butylofenolu (DBF) oraz dialkilodi-
tiofosforanu cynku (ZDDP) na aktywność przeciwzużyciową modelowej kompozycji smarowej zawierającej 
1% masowy 3-alliloksy-1,2-propanodiolu (AW) w n-heksadekanie (C16). Uzyskane wyniki wskazują, iż nie 
występuje negatywne oddziaływanie przeciwutleniacza fenolowego na skuteczność przeciwzużyciową do-
datku nienasyconego. Innego typu antyoksydant (ZDDP) również nie hamuje efektywnego działania dodatku 
AW, a wręcz obserwuje się efekt synergizmu przeciwzużyciowego, powodujący obniżenie zużycia testowa-
nego węzła o 80% w porównaniu ze zużyciem skojarzenia smarowanego tylko n-heksadekanem z 1% dodat-
ku AW. Deponowane produkty tarcia zbadano za pomocą SEM/EDS i innych metod spektralnych, tj. XPS, 
FTIR oraz SIMS, co pozwoliło na określenie struktury chemicznej produktów tarcia, a w konsekwencji na 
wnioskowanie o przebiegających procesach chemicznych podczas smarowania granicznego.  Obserwowany 
efekt przeciwzużyciowy związany jest z tworzeniem warstw granicznych z produktów zarówno organicz-
nych, jak i nieorganicznych powstających na granicy faz środek smarowy–warstwa wierzchnia. Brak inhibito-
wania procesów oksydacyjnych dodatku AW przez antyutleniacze wskazuje na przebieg złożonych procesów 
tribochemicznych według innych mechanizmów niż typowe przemiany rodnikowe.

INTRODUCTION

One of the major tasks in lubricant development is the 
search for both efficient and environmentally friendly 
functional additives. These additives contain merely 
carbon, hydrogen, oxygen, and/or nitrogen (CHON 
additives [L. 1–3] in their chemical nature. Within these 

group of substances are alcohols, carboxylates, esters, 
acid amines, and amides as well as glycerine oxyethylates 
[L. 4, 5]. Some of the CHON additives exposing liquid-
crystal properties have been also widely examined. 
However, the ability of spatial self-orientation does not 
strictly determine the formation of efficient boundary layers 
that are caused mainly by tribochemical conversions [L. 6]. 
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Special attention is focused on unsaturated chemical 
compounds as the efficient CHON additives [L. 7]. 
The first studies concerning the antiwear efficiency of 
these substances were conducted in the 1960s by R.S. 
Owens and W.J. Barnes [L. 8]. The literature analysis 
and the results of previous authors’ works indicate the 
3-allyloxy-1,2-propandiol as a very efficient antiwear 
additive for the model oil base [L. 9, 10]. The examined 
tribochemical conversions of the AW additives clearly 
showed the role of oxygen in these processes [L. 11, 
12]. However, the commercial lubricants present on the 
market still contain the antioxidants that may interfere 
with unsaturated additives reducing their efficiency. As 
a result, these additives undergo oxidative deterioration 
during the operation of the friction pair. 

In this context, research was necessary for the 
analysis of the correlation between the content of AO 
additive and the AW efficiency of the unsaturated 
additive. 

EXPERImENTAL

Lubricants

During the experiment, the following substances were 
used: 3-allyloxy-1,2-propandiol as an antiwear additive 
(AW), 2,6-ditertbuthylphenole (DBF) as a phenol 
antioxidant, and zinc  dialkyldithiophosphate (ZDDP) 
of multifunctional (incl. antioxidative) properties. 
Based on n-hexadecane, the mixtures containing 1% 
w/w of AW and 1% of antioxidant were prepared. The 
percentage contents of the additives were selected based 
on an analysis of publications and the author’s previous 
experiences. 

Tribological test

The tribological tests were conducted using ball-on-
disk type tribotester T-11 produced by ITeE – PIB 
(Radom). Its friction pair was made of 100Cr6 steel 
(AISI52100). Each test was conducted under the load of 
9.81N and a sliding velocity of 0.25 m/s for 500 m. The 
symptoms of volumetric wear were estimated by the 
measurement of the marks emerging on the test balls.  
For each lubricant mixture, at least three separate runs 
were performed and the spread of the average value did 
not exceed 5%.  Before each run, all the components 
of the friction pair and the rest of tribotester parts 
coming into contact with the sample were washed in 
n-hexane in an ultrasonic bath for 15 minutes and dried. 
The tribological experiments were executed under an 
elevated temperature (80±4°C), which intensified the 
chemical reactions occurring in the friction pair, which 
was lubricated by submerging them into the mixture 
to be tested. After the run, samples were washed in 
n-hexane, dried, and stored in the desiccator. 

Analytical techniques

The chemical structure of the substances present on the 
elements of the friction pair were analysed based on the 
data obtained by the following analytical techniques:
• SEM/EDS analyses were conducted using 

a scanning electron microscope (type S-2460N by 
Hitachi, Japan). The microscope was equipped with 
an X-ray energy dispersive spectrometry analyser 
(EDS) by Noran Instruments. The data was collected 
and analysed by using a Voyager 3050 system. The 
following parameters were used: magnification 40x, 
accelerating voltage 10 kV, the angle of reception 
25o, and pressure: 10-3 Pa. 

• Fourier transform infrared spectrophotometry 
(FTIR) analyses were performed using a FTIR 
microscope IRT 5000 by Jasco, Japan. The spectra 
of the friction pair elements were collected in 
reflection in the wavelengths of 4000–650 cm-1, 
based on 40 scans of the background and the surface 
containing residues of tribochemical reactions. The 
spectra of the liquid lubricants and their constituents 
were obtained in transmission while the spectrum of 
DBF was recorded from the prepared KBR tablet, at 
the wavelengths 4000–450 cm-1. 

• Secondary ion mass spectrometry (SIMS) 
analyses were conducted on a Finnigan MAT 95 
spectrometer with chemical ionization. The samples 
of tribochemical reactions, collected from the wear 
mark was deposited on the Platinum and evaporated 
with a heating rate 20oC/min for 20 min. Pressure 
in the ionization chamber was 0.013 Pa. Isobutane 
was used as the reactive gas. During the analysis, 
the mass spectra of the most evaporating substances 
were recorded. Due to the specific ionization, the 
recorded ion signals have masses one unit higher 
than the masses of the ionized substance. 

• X-ray photoelectron spectroscopy analyses were 
performed by using a multifunctional spectrometer 
Physical Electronics PHI 5700/660 that was 
equipped with a monochromatic x-ray source of 
1486.6 eV of energy. The photoelectron beam was 
analysed in the wide range of binding energy, i.e. 
1400 eV, and with more detailed spectral lines of the 
particular elements.

RESULTS AND DISCUSSION

The experiments using the ZDDP antioxidants

The antiwear properties of the two-component mixtures 
(ZDDP + AW) at an elevated temperature were analysed. 
The results of tribological tests are shown in Fig. 1 [L. 13]. 

The analysis of the obtained results indicates that 
the use of ZDTP as an antioxidant does not hamper 
tribochemical reactions of the AW additive that lead 
to the formation of boundary layers. But at 80°C, the 
synergistic antiwear properties of the binary mixture is 
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observed, which results in a 80% decrease in the wear of 
the friction pair compared to the control (lubricated with 
n-hexadecane). Using only one of the additives in the 
mixture at the same time, the reduction in the wear of the 
friction pair was 69% for ZDDP and 63% for AW. The 
phenomenon of synergistic activity may be the result 
of the more intensive production of tribochemical by-
products forming the effective boundary layers. Thus, 
no inhibition of protective layer formation is observed, 
which might be concluded from the antioxidative 
activity of ZDDP. The deposition of the tribochemical 
by-products is clearly visible in the SEM image of the 
friction pair surface (Fig. 2). 

The chemical compositions of the deposited 
products were examined by EDS (Fig. 2). In the 
recorded spectra, the following signals are present: iron, 
zinc, chromium, silica, carbon oxygen, phosphorus, 

and sulphur. Therefore, it may be concluded that 
tribochemical conversions under the presence of ZDDP 
and AW consist of the elements present in both zinc 
dialkyldithiophosphate and 3-allyloxy-1,2-propandiol. 
Thus, ZDDP is more actively involved in the formation 
of boundary layers than in the inhibition of oxidation 
processes. Moreover, some signals come from the 
material of the friction pair (silica, iron, chromium), 
which also may participate in the formation of 
tribochemical products. The high intensity of the carbon 
signal (more than twice as much as for the iron) may 
indicate the deposition of organic compounds on the 
components of the friction pair. These deposits were 
further analysed by FTIR, which is shown in Fig. 3. 

Fig. 3.  The FTIR spectrum of the tribochemical products, 
deposited during tests at 80ºC and in the presence 
of lubricants containing ZDDP and 3-allyloxy-1,2-
propandiol in n-hexadecane

Rys. 3.  Widmo FTIR produktów przemian tribochemicznych 
odłożonych podczas testów tribologicznych w temp. 
80ºC, z udziałem kompozycji ZDDP i 3-alliloksy-1,2-
-propanodiolu w n-heksadekanie

Fig. 1. The influence of the lubricant composition on the 
volumetric wear of the friction pair working at 
80°C

Rys. 1.  Wpływ składu kompozycji smarowej na zużycie obję-
tościowe elementów węzła tarcia pracującego w tem-
peraturze 80°C
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Fig. 2. SEm image (magnification: 2000x) of the disc surface (on the left) and the EDS spectrum of tribochemical 
products, deposited during tests with ZDDP and 3-allyloxy-1,2-propandiol in n-hexadecane at 80°C (on the 
right)

Rys. 2.  Obraz SEM (pow. 2000x) powierzchni tarczy oraz widmo EDS produktów przemian tribochemicznych odłożonych 
podczas testów tribologicznych w temp. 80ºC, z udziałem kompozycji ZDDP i 3-alliloksy-1,2-propanodiolu w n-hek-
sadekanie



50 ISSN 0208-7774 T R I B O L O G I A  5/2017 

The comparison of the spectrum and the reference 
spectra of pure additives (Fig. 4) indicates that the 
chemical structure of the deposited tribochemical 
products is different from the initially introduced 
substances. 

a)

Fig. 4.  The FTIR spectra of the used additives: a) ZDDP, 
b) AW

Rys. 4.  Widma FTIR zastosowanych dodatków: a) ZDDP,  
b) AW

The FTIR spectrums of tribochemical conversion 
products shown in Fig. 3 characterize diffused bands, 
which suggest the overlay of many bands from different 
chemical structures of similar patterns.  In these relations, 
the mathematical spectrum processing was performed 
using the tools available in the spectrophotometer 
software. The chosen method was the deconvolution 
of the bonds in the wavelengths of 1860–1500 cm-1 and 
1160–880 cm-1 (Fig. 5).

Based on mathematically generated bands, the 
presence of the carbonyl group of carboxyl acids (at 
1720 cm-1) may be clearly stated. Taking into account 
the specificity of the friction pair as a chemical reactor, 
numerous chemical reactions may be considered. 
Examples of the potential products are alcoholate and 
intramolecular coordination compounds. Among the 
tribochemical products, some carboxyl acid salts may 
be found, which may be proven by the signals at FTIR 
wave numbers near, e.g., 1556 cm-1 (asymmetric valence 
vibrations of the carboxylate anion). The metal atom 
present in the carboxylate molecule may be coordinated, 
which leads to the formation of coordination compounds 
visible as broaden FTIR bands at 1613 cm-1. Moreover, 

in the obtained spectrum bands characteristic for 
C-O (1114 cm-1), P-O-C (1049 cm-1 and 1003 cm-1), 
C-O-C (1084 cm-1), and P-O-P (975 cm-1) structures are 
also present.

More detailed data on the chemical structure of the 
tribochemical products were acquired with XPS (Fig. 6), 
which provided the data for particular elements and the 
possible bonds linking them. 

The chemical state of the elements was identified 
based on the energy of characteristic photoelectrons. 
The analysis of the spectra in narrow energy ranges 
(for particular atoms) indicated the presence of these 
elements in the tribochemical products deposited on the 
friction pair. 

As far as the 2p photoelectrons of phosphorus 
are concerned, at least two possible energy states (the 
mixture of two different chemical structures) were 
observed among the tribochemical products. An energy 
of about 133.6 eV corresponds with the photoelectrons 
characteristic for phosphorus in phosphates PO4, also 
containing the sulphurous groups. The energy of about 
131 eV is typical for elemental phosphorus, which 
is rather unlikely. It may also be the signal from the 
structures of three PO4 groups linked with a single 

b)

Fig. 5. The result of mathematical deconvolution 
of the FTIR bond, present in the spectrum 
of C16+AW+ZDDP tribochemical products 
(measured in the wavelength range of (a) 1860– 
–1500 cm-1 and (b) 1160–880 cm-1)

Rys. 5.  Rezultat dekonwolucji pasma w zakresie liczb fa-
lowych (a) 1860–1500 cm-1 oraz (b) 1160–880 cm-1 

występującego w widmie FTIR produktów przemian 
tribochemicznych kompozycji C16+AW+ZDDP

b)

a)
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phosphorous atom. The structures observed in XPS 
spectra indicating phosphoorganic compounds may be 
present in metal phosphates or polyphosphates suggested 
by FTIR analyses. 

The analysis of zinc 2p3 photoelectron energy of 
1022.3 eV indicates that the zinc oxide is a potential 
product of tribochemical conversion. Therefore, 
during the friction, a zinc atom is removed from 
dialkyldithiophosphate by the break of Zn-S. This 
is convergent with the conclusion based on the 
tribochemical conversion of dialkyldithiophosphate 
under extreme loads [L. 14]. 

The obtained XPS results suggest that the 
conditions occurring in the friction pair cause the 
degradation of Zn-S and many other reactions leading 
to the formation of phosphates and carboxylates. The 
continued degradation of the dialkyldithiophosphate 
compound is also possible, which results in the 
production of iron sulphides (2p signal for sulphur at 
162.4 eV). The mentioned conditions do not lead to the 

complete degradation of ZDDP, which is possible only 
by the decomposition of P = S and P-O-C bonds.

Further XPS analysis was aimed at the bands 
related to carbon and oxygen (Fig. 7). 

Deconvolution of the C1s band (Fig. 8) results in 
four possible alignments. 

The highest intensity was observed for the bands 
at 285 eV and about 287 eV. The signal at 285 eV may 
come from the carbon atoms present in the hydrocarbon 
compounds present in the tribochemical deposits. The 
measurement was conducted after sputtering, so the 
detected signal comes from the substances stably bound 
to the surface. The signal at 287 eV corresponds with 
the organic carbon atoms as–CH2O- (present, e.g., in 
alcohols, ethers and esters). The presence of esters is 
also confirmed by the signal at 290 eV. This energy (290 
eV) is typical for carbon atoms present in carboxylates, 
and therefore linked with two atoms of oxygen [L. 15]. 
The other weak signal at 283 eV may be the result of the 
presence of carbides within the products [L. 16].

Fig. 6. The XPS spectra of elements present in the tribochemical products [L. 13]
Rys. 6. Widma fotoelektronów pierwiastków wchodzących w skład produktów przemian tribochemicznych [L. 13]
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Fig. 8. Deconvolution of the C1s photoelectron band into 
elementary lines

Rys. 8. Dekonwolucja pasma fotoelektronów C1s na linie 
składowe

The presence of oxygenated hydrocarbons in 
the form of carboxylates and esters is visible in the 
XPS spectra at energies characteristic for O1s. The 
signal at 531.4 eV is strictly related to the presence of 
oxygen atoms in carboxylates, which are able to form 
coordination compounds. The considerable complexities 
of the chemical transformations of both additives impede 
the identification of the chemical structures of boundary 
layers.

The experiments using phenol antioxidant

The results of tribological tests, conducted at 80ºC on the 
lubricant containing AW and DBF, are shown in Fig. 9.

The tribological results suggest that the addition of 
the phenol antioxidant DBF to the lubricant composition 
do not reveal any antiwear properties at elevated 

Fig. 7.  The XPS spectra of C1s and O1s photoelectrons recorded for the tribochemical products [L. 13]
Rys. 7. Widma fotoelektronów C1s i O1s zarejestrowane w wyniku badań produktów przemian tribochemicz-

nych [L. 13]

temperatures. Its activity is based only on hampering 
the oxidation processes. The intensity of the wear of 
friction pair lubricated by the DBF+AW composition is 
comparable with that containing only the AW additive. 
The lubricating composition containing 1% additive in 
n-hexadecane resulted in a 63% decrease in the wear of 
the friction pair in comparison to the control lubricated 
only by n-hexadecane. It is suggested that the antiwear 
effect is caused by the formation of boundary layers from 
the AW derivatives. The deposition of the tribochemical 
products is observed in SEM images with simultaneous 
EDS analysis of their chemical structure. The sample SEM 
image and EDS spectrum are shown below (Fig. 10). 
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Fig. 9.  Correlation between the volumetric wear of the 
test ball and the used lubricant composition at 
80ºC

Rys. 9.  Zależność zużycia objętościowego kulki od rodzaju 
kompozycji smarowej, badanej w temperaturze 80ºC

The intense EDS signals of carbon and 
oxygen on the friction pair surfaces may come 
from organic products formed from the lubricant. 
This hypothesis was confirmed by FTIR analysis 
shown in Fig. 11.  



53ISSN 0208-7774 T R I B O L O G I A  5/2017 

Fig. 11. FTIR spectrum of the tribochemical products 
deposited on the friction pair lubricated by 
C16+AW+DBF at 80ºC

Rys. 11. Widmo FTIR produktu przemian tribochemicznych 
odłożonych podczas testów w temp. 80ºC, z udziałem 
kompozycji C16+AW+DBF

The location of the overlapped absorption bands on 
the spectrum (1500 to 1800 cm-1) reveals the presence 
of carbonyl compounds. Additionally, the chemical 
structure contains hydroxyl groups that are identified as 
absorption bands at 3400 cm-1. A signal at 1095 cm-1 is 
also observed (–C-O-C-), which indicates incomplete 
breakage of the ether bond and the implementation of 
these structures into the tribochemical products. More 
detailed identification of the carbonyl compounds 
present in the tribochemical products is based on the 
bands 1500 to 1800 cm-1 after deconvolution. The result 
of this analysis is shown in Fig. 12. 

The deconvolution of the broaden carbonyl 
absorption bond allowed for the extraction of four signals 
at the following wavenumbers: 1714, 1667, 1633, and 
1554 cm-1. Their location unquestionably indicates the 
presence of carboxyl acids (band at 1714 cm-1) as well 
as carboxyl salts (band at 1554 cm-1). Moreover, the 
presence of aldehydes and ketones is also possible, where 
the carbonyl group is coupled with an unsaturated (bands 

Fig. 10. SEm image (magnification 2000x) and EDS spectrum of the tribochemical products arisen at 80ºC 
from C16+AW+DBF composition

Rys. 10. Obraz SEM (pow. 2000x) oraz widmo EDS produktu przemian tribochemicznych odłożonych podczas 
testów w temp. 80ºC, z udziałem kompozycji C16+AW+DBF

at 1667 and 1633 cm-1). During FTIR analyses, there 
was no presence of cyclic aromatic hydrocarbons, which 
might come from the DBF additive. In this context, such 
chemical structures are not involved in the formation of 
deposits during tribological tests, so they must be the 
derivatives of the AW additive. It may be assumed that 
there is no disruption of the phenol antioxidants leading 
to the incorporation of their fragments into boundary 
layers. It is worth mentioning that DBF does not limit the 
efficiency of boundary layer formation by the products 
of tribochemical conversions of the AW additive. The 
XPS analysis focusing on the photoelectrons C1s and 
O1s confirmed the presence of organic chemicals arising 
during the operation of the friction pair (Fig. 13).

The XPS spectra were recorded for the tribochemical 
products of the lubricants containing AW + ZDDP as 
well as AW + DBF additives. The similar location of the 
photoelectron C1s and O1s signals in the XPS spectra is 
also worth mentioning.  These signals, located at 285.6 
eV for C1s and 531.2 eV for O1s, confirm the deposition 
of carbonyl products, derived from esters, salts, or 
coordination compounds.

Fig. 12. Deconvolution of FTIR band at wavenumbers 
1500–1800 cm-1

Rys. 12. Efekt dekonwolucji pasma widma FTIR w zakresie 
liczb falowych 1500–1800 cm-1
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Fig. 13. XPS spectra of photoelectrons C1s and O1s 
recorded during analysis of the tribochemical 
products

Rys. 13. Widma fotoelektronów C1s i O1s zarejestrowane w wy-
niku badań produktów przemian tribochemicznych

Further analysis of the chemical structure of the 
tribochemical products concerned their molecular weight 
by secondary ion mass spectrometry. For the maximum 
of evaporation curve of tribochemical products, the mass 
spectrum was recorded. The spectrum is shown in Fig. 14. 

Fig. 14. mass spectrum of the tribochemical products of 
C16+AW+DBF after the test run at 80ºC

Rys. 14. Widmo mas produktów przemian tribochemicznych 
kompozycji C16+AW+DBF, po tarciu w temperatu-
rze 80ºC 

The mass spectrum shown above (Fig. 14) indicates 
the presence of compounds of 92, 153, 256, 319, and 
390 u. Within the tribochemical products of lubricant 
containing AW and DBF, other compounds were also 
detected. Their molecular masses were identified as 123, 
137, 181, 200, 248, 284, 302, 318, 358, 428, and 493 u. 
The overall analysis of the data allowed for the summary 
of the chemical structures of the tribochemical products. 
Table 1 shows the examples of molecular formulas 
of tribochemical products arising in the lubricant 
containing AW and DBF additives during the operation 
of the friction pair.

The conducted research suggests that, in spite 
of using the phenol antioxidants, the oxidation of 
the lubricant components still occurs. The formation 
of oxygen-containing organic products undoubtedly 
indicates the other mechanisms than typical free radicals 

Table 1. Exemplary molecular structures of the tribochemical products arising in C16+AW+DBF composition at 80ºC
Tabela. 1. Przykładowe struktury cząsteczkowe produktów przemian tribochemicznych powstających w temperaturze 80ºC, 

z udziałem kompozycji C16+AW+DBF

molecular structure molecular weight [u]

CH3 CH2 C
O

O C2H58 200

CH3 CH2 C
O

O CH2 C CH2 O CH2 CH CH3
OHO

8 302

C CH CH2 O CH2 CH CH2 O C CH CH2 O CH2 CH C
O

O

O

OH
OHOHOHOH

H 334

CH3 CH2 CH2 O CH2 C C
O

O
Fe
O
C C

O
CH2 O CH2 C C

O O O

O

OH 390
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may be hampered by phenol antioxidants. Thus, it is 
possible to trigger that kind of chemical conversions by 
exoelectrons present during friction [L. 17], and then the 
contribution of ion radicals is as described by Kajdas 
[L. 18]. 

CONCLUSIONS

The analysis of the chemical structure of the deposits 
generated from the lubricants during tribological tests 
confirmed the formation of the novel compounds 
of antiwear activity; especially the conversion of 
3-allyloxy-1,2-propandiol and ZDDP was observed. 
Oxidation and the interaction with metals occur during 

the friction, which leads to the formation of, e.g., 
esters, hydroxyl acids, and coordination derivatives of 
carboxylic acids. It was confirmed that the derivatives 
of ZDDP are involved in the formation of boundary 
layers, contrary to the phenol antioxidants. As the 
result of tribochemical conversion of ZDDP, the metal 
phosphates, polyphosphates as well as zinc oxide and 
iron sulphide may arise. Thus, the experiments suggest 
that used antioxidants do not impede the formation of 
effective boundary layers used for protection from the 
consequences of shear. The tribochemical conversions 
related to the structural transformation of 3-allyloxy-
1,2-propandiol are not dependent on antioxidant activity 
of phenol additives and ZDDP. 

REFERENCES

1. Zhang J., Liu W., Xue Q.: The friction and wear behaviours of some O-containing organic compounds as additives 
in liquid paraffin. Wear, 1998, 219, 124–127.

2. Perez J.M., Weller D.E.: A study of the effect of chemical structure on the friction and wear of several 
environmentally friendly fluids. Proc. of Int. Trib. Conf., Nagasaki, 2000, 227.

3. Havet L., Blouet J., Valloire F., Brasseur E., Slomka D.: Tribological characteristics of some environmentally 
friendly lubricants, Wear, 2001, 248, 140–146.

4. Zhenglin Tang, Shaohui Li: A review of recent developments of friction modifiers for liquid lubricants 
(2007-present). Current Opinion in Solid State and Materials Science, 2014, 18, 119–139.

5. Naraniecki B., Lukosek M., Rogoś E., Kosno J.: Lubricanting properties of glycerol fraction etoxylates from 
a biodiesel plant. Przemysł Chemiczny, 2010, 89 (10), 1291–1296.

6. Molenda J., Makowska M.: Tribochemical behaviour of the selected mesogenic additive in n-hexadecane. 
Tribology Letters, 2006, 21, 1, 38–44.

7. Matuszewska A., Grądkowski M: Interaction between "CHO" and conventional AW/EP additives in mineral base 
oil. Maintenance Problems, 2005, 1, 161–169.

8. Owens R.S., Barnes W.J.: The use of unsaturated hydrocarbons as boundary lubricants for stainless steels. ASLE 
Trans., 1967, 10, 77–84.

9. Kajdas C., Molenda J., Makowska M., Grądkowski M.: Investigation of tribochemical behaviour of some 
unsaturated organic additives in steel-steel contact. Proc. of Symp. on Lubricating Materials and Tribochemistry, 
Lanzhou, China, 1998, 83–94.

10. Makowska M., Molenda J.: Interactions of selected lubricant additive and material of rubbing surfaces. Proc. of 
Cost 532 Conf., Porto (Portugal), 12÷14-10-2005, 187–193.

11. Molenda J., Kajdas C., Makowska M., Grądkowski M.: Tribochemical aspects of antiwear behaviour of allyl 
ethers. Tribologia, 1999, 6, 935–941 (in Polish).

12. Molenda J., Grądkowski M., Kajdas C.: Study of chemical nature of organic products forming during friction on 
steel surface lubricated by unsaturated compounds. Tribologia, 2003, 1, 93–102.

13. Molenda J., Grądkowski M.: Tribochemical interactions between zinc dialkyldithiophosphate and 2-allyloxy-1,2-
propanodiol. Tribologia, 2003, 5, 111–121 (in Polish).

14. Tuszyński W., Molenda J., Makowska M.: Tribochemical conversions of zinc dialkyldithiophosphate under 
extremelly different pressure conditions. Tribology Letters, 2002, 13, 2, 103–109.

15. Briggs D., Seah M.P.: Practical surface analysis. J. Wiley&Sons, New York (USA), 1996.
16. Geib K.M., Wilmsen C.W.: Iron carbide formed by reacting surface hydrocarbons with an iron film. Surf. Sci. 

Spec., 1992, 1, 3, 297–300.
17. Nakayama K.: Effect of Normal Force on the Triboplasma Generation Under Oil Lubrication. Tribology Letters, 

2014, 53, 449–456.
18. Kajdas C.: About an anionic-radical concept of the lubrication mechanism of alcohols. Wear, 1997, 116, 2,  

167–180.




