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Abstract

Purpose: In the present study, we consider mechanical properties of phosphate glasses under high temperature-
induced and under friction-induced cross-linking, which enhance the modulus of elasticity.
Design/methodology/approach: Two nanomechanical properties are evaluated, the first parameter is the 
modulus of elasticity (E) (or Young’s modulus) and the second parameter is the hardness (H). Zinc meta-, pyro 
- and orthophosphates were recognized as amorphous-colloidal nanoparticles were synthesized under laboratory 
conditions and showed antiwear properties in engine oil.
Findings: Young’s modulus of the phosphate glasses formed under high temperature was in the 60-89 GPa 
range. For phosphate tribofilm formed under friction hardness and the Young’s modulus were in the range of 2-10 
GPa and 40-215 GPa, respectively. The degree of cross-linking during friction is provided by internal pressure of 
about 600 MPa and temperature close to 1000ºC enhancing mechanical properties by factor of 3 (see Fig. 1).
Research limitations/implications: The addition of iron or aluminum ions to phosphate glasses under high 
temperature - and friction-induced amorphization of zinc metaphosphate and pyrophosphate tends to provide 
more cross-linking and mechanically stronger structures. Iron and aluminum (FeO4 or AlO4 units), incorporated 
into phosphate structure as network formers, contribute to the anion network bonding by converting the P=O 
bonds into bridging oxygen. Future work should consider on development of new of materials prepared by sol-
gel processes, eg., zinc (II)-silicic acid.
Originality/value: This paper analyses the friction pressure-induced and temperature–induced the two factors 
lead phosphate tribofilm glasses to chemically advanced glass structures, which may enhance the wear 
inhibition. Adding the coordinating ions alters the pressure at which cross-linking occurs and increases the 
antiwear properties of the surface material significantly.
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1. Introduction 
 
 
Phosphate glasses are potential candidates for many 

technological applications, e.g., in optical data transmission, 
solid-state batteries, sensing and laser technology, nuclear 
technology, and auto-industry. Their properties such as low 
melting point, high thermal expansion, mechanical and thermal 
stress, high chemical durability and aqueous corrosion resistance 
have been reported. Better understanding of the mechanical 
properties of phosphate glasses could lead to broader applications 
by improving composition of glasses [1, 2, 3, 4]. 

The structure and valence states of the iron ions in these 
glasses were investigated using Mossbauer spectroscopy, X-ray 
diffraction, and infrared spectroscopy. X-ray diffraction 
indicates that the local structure of zinc-iron phosphate is related 
to the short range structures of crystalline Zn2P2O7 , Fe3(P2O7)2 
and Fe(PO3 )3. The zinc-iron-phosphate glasses can consist of 
PO4 tetrahedral joined together by oxygen and contain Fe (II) 
and Fe (III) and Zn2+ ions which act as a modifier in the glass 
network [1]. 

The general structure of the zinc-iron-phosphate glasses can 
be visualized as consisting of PO4 tetrahedra joined together by 
oxygen which contain Fe(II) and Fe(III) and Zn(II) ions, these 
ions act as a modifier in the glass network. Much structural work 
has been carried out on phosphate glasses in last decade [5-8]. 
The structure of iron phosphates [9,10] contains di- and tri-valent 
ions in octahedral coordination, and also contains (Fe3O12)16- 
clusters. Some phosphate glasses with no monovalent ions, and 
with the of di- and trivalent oxides (iron pyrophosphate and Zn-
Al-metaphosphate) have Young’s modulus (70-80 GPa) and 
tensile strength (S ~ 6 GPa) [5]. 

It was experimentally confirmed that the addition of metal 
oxides, e.g., SnO, PbO, ZnO, Fe2O3 and Al2O3 , results in 
formation of Sn-O-P, Pb-O-P, Zn-O-P, Fe-O-P and Al-O-P bonds 
and leads to dramatic improvements in the mechanical properties 
[1, 5, 11] and in chemical durability of the modified phosphate 
glasses [12]. 

Phosphorus compounds under high temperature and friction-
induced cross-linking undergo the structural transformation from 
solid system to amorphous state [13]. The friction-induced 
activation processes of metallic surface in the presence of Fe(II) 
form a mixed iron/zinc orthopolyphosphate glass layer, 
Fe2Zn(PO4)2. Young’s modulus and hardness are used for 
mechanical characterization of polyphosphate tribofilm, which in 
general has a thickness of ~ 100 nm. The tribofilm forms antiwear 
pads in contacting-rubbing areas of surfaces [18-23]. 

In the present study, we have considered properties of 
phosphate glasses and phosphate tribofilm glasses under high 
temperature- and friction-induced cross-linking conditions. Two 
nanomechanical properties of phosphate glasses and phosphate 
tribofilms are evaluated. The first one is the modulus of elasticity 
(E) (or Young’s modulus), which is proportional to the force 
required to deform a sample elastically. The second parameter is 
hardness (H), which is a measure of material’s resistance to 
plastic flow. 

2. Mechanical properties of phosphate 
glasses under temperature-induced 
cross-linking processes 

The mechanical strength of phosphate glasses, the tensile 
strength, and Young’s modulus are presented in Table 1 and are 
compared with phosphate tribofilms generated during friction-
induced processes, the comparison is presented in Table 2. The 
zinc-iron-aluminium-phosphate glasses were prepared by melting 
homogeneous mixtures of reagent at temperatures between  
1000–1200 oC. Young’s modulus of the phosphate glasses is in 
the 60 - 89 GPa range, the value for the iron phosphate glasses is 
69 GPa. The iron free glass Na-Al-P has the lowest modulus of 
60 GPa. Young’s modulus for the Na-Al-Fe-P and Na-Fe-P fibres 
increased to 68 and 69 GPa, respectively. Young’s modulus of the 
Zn-Al-Fe-P glass varied little with iron content, but the Zn-Al-P 
glass had the highest modulus at 89 GPa. Young’s modulus of the 
Zn-Al-Fe-P glasses appears to be higher than that of Na-Al-Fe-P 
glasses (see Table 1) [1]. 

The tensile strength of the phosphate glasses falls into two 
categories. The Zn-Al-Fe-P glass has a tensile strength in the  
4.2-7.2 GPa range while the tensile strength of the Na-Al-Fe-P 
fibres is in the range 2.8-4.2 GPa. A similar increase in tensile 
strength is observed for a Zn(PO3)2 (2.4 GPa) compared to that of 
NaPO3 glass (1.8 GPa). This increase in strength is believed to be 
due to the replacement of monovalent sodium ions by divalent 
zinc ion, which increases the cross-link density structure and 
makes the glass stronger. Zinc aluminophosphate (Zn-Al-P) 
glasses have a higher tensile strength than the zinc iron phosphate 
(Zn-Fe-P) glasses. The mechanical strength of phosphates 
(NaPO3, Zn(PO3)2 and pyrophosphates glasses (P2O7) have been 
summarized in Table 1. 

The small magnitude of all the mechanical properties of 
NaPO3 can be simply understood when one considers that the 
structure consists of P-O chains with Na-O-P bonds. Replacing 
monovalent sodium by divalent zinc results in increase in tensile 
strain and Young’s modulus, presumably because of the cross-
linking by divalent cations, while trivalent cations tend to provide 
either more cross-linking, or perhaps even the formation of 
stronger structures, e.g., rings or clusters [26].  

The iron-phosphorous-oxygen network becomes stronger with 
increasing Fe2O3 content. The improved durability with increased 
iron content is attributed to the easy hydrated P-O-P bonds being 
replaced by more chemically resistant Fe-O-P bonds. The O/P 
ratio is also an important factor to the aqueous chemistry 
durability as indicated by the 40 Fe2O3 – 60P2O5 glass which had 
the best chemical durability. Since this glass had an O/P ratio 
3.42, it is expected to contain primarily P2O7 groups. The IR and 
Mossbauer spectra indicate that these glasses are dominated by 
(P2O7)4- dimmer units and contain a large number of Fe (II)-O-P 
and Fe (III)-O-P bonds, where both Fe (II) and Fe (III) ions have 
oxygen neighbours in either octahedral or distorted octahedral 
coordination [12] 

Various structure studies of Zn(PO3)2 glasses indicate that the 
what Zn coordination is intermediate, between four-coordinated and 
six-coordinated and has a very large degree of cross-linking [13, 
26]. It has been shown that the main factor determining the strength 
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of glasses is the degree to which their anion network is bonded. Iron 
and aluminum as FeO4 or AlO4 units can be incorporated into 
phosphate structure as a network formers and contribute to the 
anion network bonding by converting the P=O bonds into bridging 
oxygen. Zinc ions are octahedrally coordinated to nearby oxygen 
ions, they can increase the cross-linking in the glasses structure and 
thus increase its strength [1, 13, 26]. 

The small magnitude of all the mechanical properties of 
NaPO3 can be simply understood when one considers that the 
structure consists of P-O chains with Na-O-P bonds. Replacing 
monovalent sodium by divalent zinc results in increase in tensile 
strain and Young’s modulus, presumably because of the cross-
linking by divalent cations, while trivalent cations tend to provide 
either more cross-linking, or perhaps even the formation of 
stronger structures, e.g., rings or clusters [26].  

The iron-phosphorous-oxygen network becomes stronger with 
increasing Fe2O3 content. The improved durability with increased 
iron content is attributed to the easy hydrated P-O-P bonds being 
replaced by more chemically resistant Fe-O-P bonds. The O/P 
ratio is also an important factor to the aqueous chemistry 
durability as indicated by the 40 Fe2O3 – 60P2O5 glass which had 
the best chemical durability. Since this glass had an O/P ratio 
3.42, it is expected to contain primarily P2O7 groups. The IR and 
Mossbauer spectra indicate that these glasses are dominated by 
(P2O7)4- dimmer units and contain a large number of Fe (II)-O-P 
and Fe (III)-O-P bonds, where both Fe (II) and Fe (III) ions have 
oxygen neighbors in either octahedral or distorted octahedral 
coordination [12]. 

 
Table 1.  
Mechanical strength of phosphate glasses prepared by melting processes [1, 5] 

Phosphate glass Tensile strengtha  
(S) [GPa] 

Young’s modulusb  
(E) [GPa] Young’s modulus test method b 

Na PO3  
Zn (PO3)2  
Fe4(P2O7 )3  
15 ZnO-17.5 Al2O3- 67.5 P2O5  
K-La-P  
Na-Al-P  
Na2O-Fe2O3-P2O5  
ZnO-Fe2O3- P2O5  
ZnO-Al2O3- Fe2O3- P2O5 
E-glass  
S-glass 

1.8 
2.4 
5.9 
5.7 
2.4 
2.8 
2.8 
4.3 
5.4 
5.8 
8.4 

35.7 
42.0 
69.5 
79.0 
47.7 
60.0 
69.0 
68.0 
72.0 
70.0 
87.0 

3-point bending 
3-point bending 
3-point bending 
3-point bending 
3-point bending 
3-point bending 
3-point bending 
3-point bending 
3-point bending 
3-point bending 
3-point bending 

a tensile strength test: the 2-point bending (S) = 1.198 E.d/ (D-d), where d is the fibre diameter and D is the separation of the 2-point 
bending plates at failure [24]; 
b Young’s modulus, E = L3P/ 48 S.I, where P is the load applied, S is the deflection, and I is a moment of inertia about the neutral axis for 
cylindrical samples (3.14d4/4) [25]. 
 
Table 2.  
Mechanical properties of phosphate tribofilms obtained under friction-induced cross-linking using 4-ball wear machine 

Polyphosphate tribofilm from ZDDP wear 
tester on steel surfaces 

Hardnessa 

GPa Young’s modulus (E) [GPa] Young’s modulusd methods of 
determination 

ZDDP [33]  
ZDDP [34] 
Aryl-ZDD P [34] 
ZDDP [39] 
MoDTC/ZDDP [39] 
ZDDP [46]  
Sulfide-oxide [46] 
ZDDP [43]  
ZDDP, Al-Si [43]  
ZDDP [44] 
ZDDP [45] 
ZDDP [23] 
ZDDP [30] 
ZDDP-Al-Si [30] 

nd 
nd 
nd 

10 and 6b 

10 and 6b 

2 
4.7 
nd 
nd 
nd 
nd 
3.9 
nd 
nd 

81 
209 and 87c 

50 
215 and150b 

215 and150b 

40 
90 
66 
103 

112 and 54c 

81 
96 
140 
70 

IFM 
IFM 
IFM 
AFM 
AFM 
SFA 
SFA 
AFM 
AFM 
IFM 
IFM 
SFM 

calculated 
calculated 

a (nd) not determined; 
b when thickness was reduced from 100 nm to 30 nm hardness and modulus decreased; 
c large plateaus and valleys; 
d IFM = interfacial - force microscopy; AFM = atomic-force microscopy; SFA = surface force apparatus; SFM = scanning force 
microscopy. 

 

3. Mechanical properties of phosphate 
tribofilm under friction-induced 
cross-linking processes 

 
 

Two nanomechanical properties of phosphate tribofilms under 
friction-induced cross-linking are evaluated. The first one is the 
modulus of elasticity (E) (or Young’s modulus). The second 
parameter is hardness (H). Recently, nanoindentation methods and 
spectroscopic techniques have been used to determine mechanical 
properties of the tribofilm. Formation of the chemically durable zinc 
phosphates tribofilm indicates the presence of heavy metals ions as 
a modifier of the phosphate network formed during friction 
processes. The addition of iron or aluminum ions to phosphate 
tribofilm tends to provide more cross-linking and mechanically 
stronger phosphate structure [11, 27, 28, 29]. 

The tribofilm has been identified as being composed of a few 
distinct regions: large antiwear pads, smaller antiwear pads, and 
lower lying valley regions between the antiwear pads. The larger 
antiwear pads correspond to the two contacting (rubbing) 
surfaces. The thickness and mechanical parameters of tribofilm 
depend on the load and sliding speed during the wear test.  

Differences in determined values of mechanical properties are 
related to lack of unification of such factors as load, speed, 
duration time, oils temperature and material during the wear test. 
Also, tribofilm various thicknesses were measured in the range 
150 to 30 nm. Mechanical properties of zinc phosphate tribofilm 
showed that hardness (2 - 10 GPa) and Young’s modulus are 
thickness-dependent [28]. The Young’s modulus values obtained 
for large and small antiwear pads are in the range of 30 - 215 GPa 
as shown in Table 2.  

The highest degree of cross-linking occurs at the tops of the 
pads, where the phosphates and metals are exposed to the highest 
friction-induced pressures. Much smaller pressure and cross-
linking occurs in the valleys, which results in much lower 
indentation modulus. Cross-linking occurs within zinc phosphorus 
in the presence of Fe ions through formation of Zn-O and Fe-O 
bonds, which requires sufficient contents of oxygen compounds. 
The formation of the highly cross-linked network increased the 
mechanical hardness [30].  

It is acceptable, that tribofilms grow from decomposition 
products rather than from intact ZDDP molecules. In this work we 
have examined tribofilm which are generated in a standard wear 
tester. The tribofilm should possess a high hardness to Young’s 
modulus ratio, and value should be far less than that of steel [31]. 
The literature value of Young’s modulus for steel is 220 GPa [32]. 
The measured Young’s modulus value for the ridge region, which 
corresponds to glassy material, was 81 GPa [33]. The normal load 
was maintained at 220 N during the wear test, which 
corresponded to an initial maximum apparent contact pressure of 
590 MPa on the basis of Hertz theory for the cylinder-on-flat 
contact geometry [31]. 

Mechanical properties testing with an interfacial force 
microscope (IFM) revealed that the elastic modulus and hardness 
of the elevated flat regions differed significantly from the 
surrounding areas. The Young’s modulus of tribochemical films 
derived from zinc dialkyl- and diaryldithiophosphates has been 

determined as: 87 and 50 GPa for large antiwear pads, 
respectively, and 209 GPa for the highly loaded the center region 
of the pad for ZDDP tribofilm [34]. 

The Young’s modulus values for the phosphate tribofilm 
glasses and phosphate glasses as a function of degree of cross-
linking (DCL) are shown in Fig.1. The representation of Young’s 
modulus against values of DCL was plotted on scale from 1 to 10. 
For phosphate glasses lowest modulus has sodium phosphate 
value, NaPO3 = 35.7 GPa (for DCL = 1) and serves as a starting 
point. Highest modulus for phosphate glasses is for S-glass with 
87 GP (DCL = 10) (see Table 2).  
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Fig. 1. The Young’s modulus of the phosphate tribofilms and 
phosphate glasses as a function of degree of cross-linking (DCL) 
 
 

For phosphate tribofilm glasses lowest modulus is 40 GPa 
(DCL = 1), and highest modulus is for steel with 220 GPa  
(DCL = 10). From curve slopes comparison we can conclude that 
phosphate tribochemical glasses have advantage over phosphate 
glasses of enhancing mechanical properties by factor of 3 
(see Fig 1). 

The molybdenum dialkyldithiocarbamate (MoDTC) / zinc 
dialkyldithiophosphate (ZDDP) additive mixture was reported to 
possess a much lower friction coefficient than a ZDDP tribofilm 
formed only from the ZDDP additive [35-38]. Both tribofilms the 
MoDTC/ZDDP and ZDDP possessed the same hardness of 
10 GPa and the modulus of 215 GPa when the contact depth was 
greater than 20 to 30 nm.  

The MoDTC/ZDDP and ZDDP tribofilms exhibited different 
mechanical properties near the surface, the hardness decreased 
from 10 to 6 GPa and the modulus decreased from level of 215 to 
150 GPa. In the elastic deformation range near the surface, the 
MoDTC/ZDDP tribofilm possessed lower modulus and hardness 
than ZDDP tribofilm. The SFA and AFM results are not always 
directly comparable because of the different experimental and 
samples preparation conditions [39]. Mechanical properties of 
nanoindentation modulus of phosphate tribofilm glasses are listed 
in Table 2.  

The zinc (II) ion is known to adopt four and six coordination 
sites with a tetra- and octahedral configuration [13, 26, 30 ].  

Mechanical properties of phosphate glasses formed under 
high temperature and under friction-induced phosphates on metal 
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anion network bonding by converting the P=O bonds into bridging 
oxygen. Zinc ions are octahedrally coordinated to nearby oxygen 
ions, they can increase the cross-linking in the glasses structure and 
thus increase its strength [1, 13, 26]. 

The small magnitude of all the mechanical properties of 
NaPO3 can be simply understood when one considers that the 
structure consists of P-O chains with Na-O-P bonds. Replacing 
monovalent sodium by divalent zinc results in increase in tensile 
strain and Young’s modulus, presumably because of the cross-
linking by divalent cations, while trivalent cations tend to provide 
either more cross-linking, or perhaps even the formation of 
stronger structures, e.g., rings or clusters [26].  

The iron-phosphorous-oxygen network becomes stronger with 
increasing Fe2O3 content. The improved durability with increased 
iron content is attributed to the easy hydrated P-O-P bonds being 
replaced by more chemically resistant Fe-O-P bonds. The O/P 
ratio is also an important factor to the aqueous chemistry 
durability as indicated by the 40 Fe2O3 – 60P2O5 glass which had 
the best chemical durability. Since this glass had an O/P ratio 
3.42, it is expected to contain primarily P2O7 groups. The IR and 
Mossbauer spectra indicate that these glasses are dominated by 
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2.8 
4.3 
5.4 
5.8 
8.4 

35.7 
42.0 
69.5 
79.0 
47.7 
60.0 
69.0 
68.0 
72.0 
70.0 
87.0 

3-point bending 
3-point bending 
3-point bending 
3-point bending 
3-point bending 
3-point bending 
3-point bending 
3-point bending 
3-point bending 
3-point bending 
3-point bending 

a tensile strength test: the 2-point bending (S) = 1.198 E.d/ (D-d), where d is the fibre diameter and D is the separation of the 2-point 
bending plates at failure [24]; 
b Young’s modulus, E = L3P/ 48 S.I, where P is the load applied, S is the deflection, and I is a moment of inertia about the neutral axis for 
cylindrical samples (3.14d4/4) [25]. 
 
Table 2.  
Mechanical properties of phosphate tribofilms obtained under friction-induced cross-linking using 4-ball wear machine 

Polyphosphate tribofilm from ZDDP wear 
tester on steel surfaces 

Hardnessa 

GPa Young’s modulus (E) [GPa] Young’s modulusd methods of 
determination 

ZDDP [33]  
ZDDP [34] 
Aryl-ZDD P [34] 
ZDDP [39] 
MoDTC/ZDDP [39] 
ZDDP [46]  
Sulfide-oxide [46] 
ZDDP [43]  
ZDDP, Al-Si [43]  
ZDDP [44] 
ZDDP [45] 
ZDDP [23] 
ZDDP [30] 
ZDDP-Al-Si [30] 

nd 
nd 
nd 

10 and 6b 

10 and 6b 

2 
4.7 
nd 
nd 
nd 
nd 
3.9 
nd 
nd 

81 
209 and 87c 

50 
215 and150b 

215 and150b 

40 
90 
66 
103 

112 and 54c 

81 
96 
140 
70 

IFM 
IFM 
IFM 
AFM 
AFM 
SFA 
SFA 
AFM 
AFM 
IFM 
IFM 
SFM 

calculated 
calculated 

a (nd) not determined; 
b when thickness was reduced from 100 nm to 30 nm hardness and modulus decreased; 
c large plateaus and valleys; 
d IFM = interfacial - force microscopy; AFM = atomic-force microscopy; SFA = surface force apparatus; SFM = scanning force 
microscopy. 

 

3. Mechanical properties of phosphate 
tribofilm under friction-induced 
cross-linking processes 

 
 

Two nanomechanical properties of phosphate tribofilms under 
friction-induced cross-linking are evaluated. The first one is the 
modulus of elasticity (E) (or Young’s modulus). The second 
parameter is hardness (H). Recently, nanoindentation methods and 
spectroscopic techniques have been used to determine mechanical 
properties of the tribofilm. Formation of the chemically durable zinc 
phosphates tribofilm indicates the presence of heavy metals ions as 
a modifier of the phosphate network formed during friction 
processes. The addition of iron or aluminum ions to phosphate 
tribofilm tends to provide more cross-linking and mechanically 
stronger phosphate structure [11, 27, 28, 29]. 

The tribofilm has been identified as being composed of a few 
distinct regions: large antiwear pads, smaller antiwear pads, and 
lower lying valley regions between the antiwear pads. The larger 
antiwear pads correspond to the two contacting (rubbing) 
surfaces. The thickness and mechanical parameters of tribofilm 
depend on the load and sliding speed during the wear test.  

Differences in determined values of mechanical properties are 
related to lack of unification of such factors as load, speed, 
duration time, oils temperature and material during the wear test. 
Also, tribofilm various thicknesses were measured in the range 
150 to 30 nm. Mechanical properties of zinc phosphate tribofilm 
showed that hardness (2 - 10 GPa) and Young’s modulus are 
thickness-dependent [28]. The Young’s modulus values obtained 
for large and small antiwear pads are in the range of 30 - 215 GPa 
as shown in Table 2.  

The highest degree of cross-linking occurs at the tops of the 
pads, where the phosphates and metals are exposed to the highest 
friction-induced pressures. Much smaller pressure and cross-
linking occurs in the valleys, which results in much lower 
indentation modulus. Cross-linking occurs within zinc phosphorus 
in the presence of Fe ions through formation of Zn-O and Fe-O 
bonds, which requires sufficient contents of oxygen compounds. 
The formation of the highly cross-linked network increased the 
mechanical hardness [30].  

It is acceptable, that tribofilms grow from decomposition 
products rather than from intact ZDDP molecules. In this work we 
have examined tribofilm which are generated in a standard wear 
tester. The tribofilm should possess a high hardness to Young’s 
modulus ratio, and value should be far less than that of steel [31]. 
The literature value of Young’s modulus for steel is 220 GPa [32]. 
The measured Young’s modulus value for the ridge region, which 
corresponds to glassy material, was 81 GPa [33]. The normal load 
was maintained at 220 N during the wear test, which 
corresponded to an initial maximum apparent contact pressure of 
590 MPa on the basis of Hertz theory for the cylinder-on-flat 
contact geometry [31]. 

Mechanical properties testing with an interfacial force 
microscope (IFM) revealed that the elastic modulus and hardness 
of the elevated flat regions differed significantly from the 
surrounding areas. The Young’s modulus of tribochemical films 
derived from zinc dialkyl- and diaryldithiophosphates has been 

determined as: 87 and 50 GPa for large antiwear pads, 
respectively, and 209 GPa for the highly loaded the center region 
of the pad for ZDDP tribofilm [34]. 

The Young’s modulus values for the phosphate tribofilm 
glasses and phosphate glasses as a function of degree of cross-
linking (DCL) are shown in Fig.1. The representation of Young’s 
modulus against values of DCL was plotted on scale from 1 to 10. 
For phosphate glasses lowest modulus has sodium phosphate 
value, NaPO3 = 35.7 GPa (for DCL = 1) and serves as a starting 
point. Highest modulus for phosphate glasses is for S-glass with 
87 GP (DCL = 10) (see Table 2).  
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Fig. 1. The Young’s modulus of the phosphate tribofilms and 
phosphate glasses as a function of degree of cross-linking (DCL) 
 
 

For phosphate tribofilm glasses lowest modulus is 40 GPa 
(DCL = 1), and highest modulus is for steel with 220 GPa  
(DCL = 10). From curve slopes comparison we can conclude that 
phosphate tribochemical glasses have advantage over phosphate 
glasses of enhancing mechanical properties by factor of 3 
(see Fig 1). 

The molybdenum dialkyldithiocarbamate (MoDTC) / zinc 
dialkyldithiophosphate (ZDDP) additive mixture was reported to 
possess a much lower friction coefficient than a ZDDP tribofilm 
formed only from the ZDDP additive [35-38]. Both tribofilms the 
MoDTC/ZDDP and ZDDP possessed the same hardness of 
10 GPa and the modulus of 215 GPa when the contact depth was 
greater than 20 to 30 nm.  

The MoDTC/ZDDP and ZDDP tribofilms exhibited different 
mechanical properties near the surface, the hardness decreased 
from 10 to 6 GPa and the modulus decreased from level of 215 to 
150 GPa. In the elastic deformation range near the surface, the 
MoDTC/ZDDP tribofilm possessed lower modulus and hardness 
than ZDDP tribofilm. The SFA and AFM results are not always 
directly comparable because of the different experimental and 
samples preparation conditions [39]. Mechanical properties of 
nanoindentation modulus of phosphate tribofilm glasses are listed 
in Table 2.  

The zinc (II) ion is known to adopt four and six coordination 
sites with a tetra- and octahedral configuration [13, 26, 30 ].  

Mechanical properties of phosphate glasses formed under 
high temperature and under friction-induced phosphates on metal 

3.	�Mechanical properties of 
phosphate tribofilm under 
friction-induced cross-
linking processes
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surfaces have many similarities. Nanohardness and nano-
indentation modulus measurements carried out on phosphates 
tribofilm showed that friction and wear behavior was not 
correlated to their tangenial elastic properties. Instead, they were 
thought more likely to depend on the different microstructures of 
the tribofilms [40]. The tribofilms formed on steel shows a bilayer 
structure with long-chain phosphates at the surface and short-
chain polyphosphates (Zn2P2O7 ) found closer to the metal 
interface. Nascent aluminum was responsible for reacting with 
ZDDP and forming phosphide AlP and linkage isomer species of 
ZDDP [40-43].  

The measured Young’s modulus tribofilms were characterized 
by large smooth plateaus with value of 112 GPa and surrounding 
valleys with value of 54 GPa [44]. Indentation performed along a 
large antiwear pad gave an indentation modulus of 81 GPa [45]. 
The nanomechanical properties markedly differed, and these 
differences lie in the extent of involvement of iron ions into 
polyphosphate glasses [14-17, 29, 46-59]. 

Tetrahedrally coordinated zinc ions at low pressure but 
octahedrally coordinated zinc ions at high pressure characterize 
the structure of zinc phosphate glass. The transformation from 
tetrahedral to octahedral coordination in zinc phosphate glass 
occurs at pressures above 17 GPa at room temperature where 
the ion coordination increases gradually with increasing 
pressure [30, 42]. 
 
 
4. Transformation of zinc phosphates in 
hard-core RMs after decomposition of 
zinc dialkyldithiophosphate (ZDDP)  

The mechanism of decomposition zinc of 
dialkyldithiophosphate (ZDDP) in oil and metal surfaces is 
thought to be thermal, oxidative and tribochemical [21, 27]. 

The result of decomposition is a precipitate which contains 
86% of zinc phosphate, 11% of zinc pyrophosphate, and 3% of 
sulfur compound and is in amorphous-colloidal state [47]. When 
such colloidal precipitates are placed in mineral oil in presence of 
surfactants, they are transformed into hard-core reverse micelles, 
RMs [27]. The term “hard- core reverse-micelles, RMs” is used to 
describe dispersions containing colloidal core, e.g., carbonate, 
borate, CuO, Ca-phosphate [27]. Hard-core reverse micelles of 
zinc metaphosphate, pyrophosphate and orthophosphate were 
prepared and tested on four-ball machine.  

The state of colloidal nanoparticles of zinc phosphates and 
their interaction with surfactant, is believed to be the result of the 
mechanism shown in Fig. 2. The examination of colloidal 
precipitates from ZDDP decomposition and powder mixture of 
zinc metaphosphate and zinc pyrophosphate salts in ratio (9:1) in 
mineral oil in a 4-ball wear machine, provided comparable 
antiwear protection [47]. However, the antiwear effectiveness of 
phosphate powder in mineral oil in engine failed antiwear 
protection tests. The state of colloidal nanoparticles or amorphous 
zinc phosphates may be a critical parameter for effectiveness of 
antiwear performance. 

Hard-core reverse micelles of zinc metaphosphate, 
pyrophosphate and orthophosphate were prepared under 
conditions such that zinc phosphates were formed by a chemical 
reaction (ZnCl2 + with sodium meta-, ortho- and pyrophosphates) 
in presence of oleic acid/or calcium benzenesulfonate as the 
surfactant (see Fig 3). Then colloidal solution was dispersed in 
hydrocarbon oil. The concentration of micellar zinc phosphate to 
oleic acid and mineral oil was 2:2:1,5 [27]. 

Wear tests run on highly crystalline (powder) zinc meta-, 
pyro-, and ortho-phosphates on 4-ball machine show good 
antiwear performance. The physical structure of solid (powder) 
zinc phosphates and zinc might be a critical property in formation 
of stable composition in real engine oil. The sizes of powder 
particles of 40-100 microns are heavy to form hard-core reverse 
micelles. No antiwear benefit was observed for the phosphates 
powder addition to engine oil (see Table 3) [27, 47].

 
 

n Zn[O2P(SR)2]2 + O2 (or ROOH)  [Zn(PO3)2] colloidal + [Zn2P2O7]colloidal + sulfur species 
 

surfactant molecule [Zn(PO3)2] n
(Zn2P2O7) n

[Zn(PO3)2] n

[Zn(PO3)2] n

[Zn(PO3)2] n (Zn2P2O7) n

(Zn2P2O7) n
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Fig. 2. Formation process of hard-core reverse micelles after decomposition of zinc dialkyldithiophosphate in amorphous/colloidal zinc 
phosphates [Zn(PO3)2]n and [Zn2P2O7]n 
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Fig. 3. Schematic representation of phosphate hard-core reverse micelles, RMs, with diameter 10 to 40 nm in hydrocarbon formulation. The 
mineral core is mainly made up of amorphous phosphate in special procedure of synthesis 
 
 
Table 3. 
Comparison of antiwear performance of zinc dialkyldithiphosphate (ZDDP), zinc metaphosphate (Zn (PO3)2, pyrophosphate (Zn2P2O7) 
and orthophosphate (Zn3(PO4)2) as thermal decomposition products with phosphate solids on 4-ball machine and engine tests 

Zinc phosphates 4-Ball machine experiment, 
Tribofilm formation, (Yes/No) 

Engine test, 
Tribofilm formation (Yes/No) 

Tribofilm composition, 
Zinc-iron polyphosphate (Yes/No) 

ZDDPa 

Zn PO3/Zn2P2O7 b 

Zn(PO3)2 c  
Zn2P2O7 c 

Zn3(PO4)2 c 

Zn(PO3)2 (micelle)d 

Zn2P2O7 (micelle)d 

Zn3(PO4)2 (micelle)d 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

Yes 
Yes 
Noe 

Noe 

Noe 

Yes 
Yes 
Yes 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

a dissolved in oil;  
b colloidal phosphate from thermally-decomposed ZDDP; 
c solid (powder); 
d hard-core reverse micelles; 
e sedimentation process. 
 

During thermal decomposition of the ZDDP, amorphous 
colloidal phosphates nanoparticles are formed and interact with 
surfactant molecules. The phosphate colloids particles form stable 
reverse micelles and provide antiwear protection. The existence of 
colloidal particles, in the presence of surfactants, is also reported 
in literature as hard-core reverse micelles [27]. 
 
 

5. Conclusion
 

We have evaluated mechanical properties of the phosphate 
glasses, which formation is based on temperature-induced cross-
linking changes, and have compared them with properties of 
phosphate tribofilm glasses. The phosphate tribofilm glasses 
formation is based on friction-induced changes in the coordination 
of the zinc atoms in the phosphates system, which results in cross-
linking through the formation Zn-O bonds. We note, that the most 
important components in formation of chemically connected 
network of phosphate glasses and tribofilm glasses are cross-
linking agents such as heavy metal. Adding the coordinating ions 
alters the pressure at which cross-linking occurs and increases the 

antiwear properties of the surface material significantly. 
Tribochemical phosphate glasses have advantage over phosphate 
glasses of enhancing mechanical properties by factor of 3 (see 
Fig. 1). The degree of cross-linking during friction is provided by 
internal pressure of about 600 MPa and temperature close to 
1000 OC. These two factors lead phosphate tribofilm glasses to 
chemically advanced glass structures, which may enhance the 
wear inhibition  
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surfaces have many similarities. Nanohardness and nano-
indentation modulus measurements carried out on phosphates 
tribofilm showed that friction and wear behavior was not 
correlated to their tangenial elastic properties. Instead, they were 
thought more likely to depend on the different microstructures of 
the tribofilms [40]. The tribofilms formed on steel shows a bilayer 
structure with long-chain phosphates at the surface and short-
chain polyphosphates (Zn2P2O7 ) found closer to the metal 
interface. Nascent aluminum was responsible for reacting with 
ZDDP and forming phosphide AlP and linkage isomer species of 
ZDDP [40-43].  

The measured Young’s modulus tribofilms were characterized 
by large smooth plateaus with value of 112 GPa and surrounding 
valleys with value of 54 GPa [44]. Indentation performed along a 
large antiwear pad gave an indentation modulus of 81 GPa [45]. 
The nanomechanical properties markedly differed, and these 
differences lie in the extent of involvement of iron ions into 
polyphosphate glasses [14-17, 29, 46-59]. 

Tetrahedrally coordinated zinc ions at low pressure but 
octahedrally coordinated zinc ions at high pressure characterize 
the structure of zinc phosphate glass. The transformation from 
tetrahedral to octahedral coordination in zinc phosphate glass 
occurs at pressures above 17 GPa at room temperature where 
the ion coordination increases gradually with increasing 
pressure [30, 42]. 
 
 
4. Transformation of zinc phosphates in 
hard-core RMs after decomposition of 
zinc dialkyldithiophosphate (ZDDP)  

The mechanism of decomposition zinc of 
dialkyldithiophosphate (ZDDP) in oil and metal surfaces is 
thought to be thermal, oxidative and tribochemical [21, 27]. 

The result of decomposition is a precipitate which contains 
86% of zinc phosphate, 11% of zinc pyrophosphate, and 3% of 
sulfur compound and is in amorphous-colloidal state [47]. When 
such colloidal precipitates are placed in mineral oil in presence of 
surfactants, they are transformed into hard-core reverse micelles, 
RMs [27]. The term “hard- core reverse-micelles, RMs” is used to 
describe dispersions containing colloidal core, e.g., carbonate, 
borate, CuO, Ca-phosphate [27]. Hard-core reverse micelles of 
zinc metaphosphate, pyrophosphate and orthophosphate were 
prepared and tested on four-ball machine.  

The state of colloidal nanoparticles of zinc phosphates and 
their interaction with surfactant, is believed to be the result of the 
mechanism shown in Fig. 2. The examination of colloidal 
precipitates from ZDDP decomposition and powder mixture of 
zinc metaphosphate and zinc pyrophosphate salts in ratio (9:1) in 
mineral oil in a 4-ball wear machine, provided comparable 
antiwear protection [47]. However, the antiwear effectiveness of 
phosphate powder in mineral oil in engine failed antiwear 
protection tests. The state of colloidal nanoparticles or amorphous 
zinc phosphates may be a critical parameter for effectiveness of 
antiwear performance. 

Hard-core reverse micelles of zinc metaphosphate, 
pyrophosphate and orthophosphate were prepared under 
conditions such that zinc phosphates were formed by a chemical 
reaction (ZnCl2 + with sodium meta-, ortho- and pyrophosphates) 
in presence of oleic acid/or calcium benzenesulfonate as the 
surfactant (see Fig 3). Then colloidal solution was dispersed in 
hydrocarbon oil. The concentration of micellar zinc phosphate to 
oleic acid and mineral oil was 2:2:1,5 [27]. 

Wear tests run on highly crystalline (powder) zinc meta-, 
pyro-, and ortho-phosphates on 4-ball machine show good 
antiwear performance. The physical structure of solid (powder) 
zinc phosphates and zinc might be a critical property in formation 
of stable composition in real engine oil. The sizes of powder 
particles of 40-100 microns are heavy to form hard-core reverse 
micelles. No antiwear benefit was observed for the phosphates 
powder addition to engine oil (see Table 3) [27, 47].
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Fig. 2. Formation process of hard-core reverse micelles after decomposition of zinc dialkyldithiophosphate in amorphous/colloidal zinc 
phosphates [Zn(PO3)2]n and [Zn2P2O7]n 
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Fig. 3. Schematic representation of phosphate hard-core reverse micelles, RMs, with diameter 10 to 40 nm in hydrocarbon formulation. The 
mineral core is mainly made up of amorphous phosphate in special procedure of synthesis 
 
 
Table 3. 
Comparison of antiwear performance of zinc dialkyldithiphosphate (ZDDP), zinc metaphosphate (Zn (PO3)2, pyrophosphate (Zn2P2O7) 
and orthophosphate (Zn3(PO4)2) as thermal decomposition products with phosphate solids on 4-ball machine and engine tests 

Zinc phosphates 4-Ball machine experiment, 
Tribofilm formation, (Yes/No) 

Engine test, 
Tribofilm formation (Yes/No) 

Tribofilm composition, 
Zinc-iron polyphosphate (Yes/No) 

ZDDPa 

Zn PO3/Zn2P2O7 b 

Zn(PO3)2 c  
Zn2P2O7 c 

Zn3(PO4)2 c 

Zn(PO3)2 (micelle)d 

Zn2P2O7 (micelle)d 

Zn3(PO4)2 (micelle)d 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

Yes 
Yes 
Noe 

Noe 

Noe 

Yes 
Yes 
Yes 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

a dissolved in oil;  
b colloidal phosphate from thermally-decomposed ZDDP; 
c solid (powder); 
d hard-core reverse micelles; 
e sedimentation process. 
 

During thermal decomposition of the ZDDP, amorphous 
colloidal phosphates nanoparticles are formed and interact with 
surfactant molecules. The phosphate colloids particles form stable 
reverse micelles and provide antiwear protection. The existence of 
colloidal particles, in the presence of surfactants, is also reported 
in literature as hard-core reverse micelles [27]. 
 
 

5. Conclusion
 

We have evaluated mechanical properties of the phosphate 
glasses, which formation is based on temperature-induced cross-
linking changes, and have compared them with properties of 
phosphate tribofilm glasses. The phosphate tribofilm glasses 
formation is based on friction-induced changes in the coordination 
of the zinc atoms in the phosphates system, which results in cross-
linking through the formation Zn-O bonds. We note, that the most 
important components in formation of chemically connected 
network of phosphate glasses and tribofilm glasses are cross-
linking agents such as heavy metal. Adding the coordinating ions 
alters the pressure at which cross-linking occurs and increases the 

antiwear properties of the surface material significantly. 
Tribochemical phosphate glasses have advantage over phosphate 
glasses of enhancing mechanical properties by factor of 3 (see 
Fig. 1). The degree of cross-linking during friction is provided by 
internal pressure of about 600 MPa and temperature close to 
1000 OC. These two factors lead phosphate tribofilm glasses to 
chemically advanced glass structures, which may enhance the 
wear inhibition  
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