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Abstract
Antiwear properties of phoshphonic acid derivatives in trimethylolpropane esters were investigated

under boundary conditions. Effect of molecular structure of phoshphonic acid derivative on antiwear properties
was observed. The computer assisted chemistry was applied to explain the phenomena. Dipole moment of
individual additives was calculated by means of molecular orbital method. Good relationship of dipole moment
of the derivatives with their antiwear properties was found. Antiwear properties of dialkyl phosphonates depend
on polarity of base fluid. Nonpolarity index (NPI) of trimethylolpropane ester molecule was calculated to
explain the phenomena. The trimethylolpropane esters have NPI in the range of 34.3 - 185.5. Diakyl
phosphonates provide good antiwear properties in less polar trimethylolpropane esters (higher NPI), whereas
their antiwear properties are not sufficient in polar trimethylol propane esters (lower NPI). Antiwear properties
of dialkyl phosphonates in formulated trimethylolpropne esters were also investigated. Dialkyl phosphonates
provide good antiwear properties in less polar formulated oils, whereas their antiwear properties are not
sufficient in polar formulated oils. Therefor, amine salts of phosphonic acid were designed as new antiwear
additive system for polar trimethylol propane esters. Dipole moment of these salts was much higher than that of

phosphonates. Excellent antiwear properties of the salts was confirmed even in polar base fluid.

Keywords : synthetic esters, antiwear additives, phosphonates, dipole moment, nonpolarity index, computer
assisted chemistry, amine salts of phosphonic acid
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3.1
TMP 6 18
Table 1 Fig.4
Table 1 Properties of the TMP esters
Base oil OQilA | OCilB| OilC | OilD | OIlE | Oil F
Number of C atoms in carboxylic group 6 8 9 10 12 18
Total number of C atoms 24 30 33 36 42 60
Total acid number, ngKOH/g 0.03 0.01 0.01 0.10 0.30 0.41
Vi ity, mm 2/ 40 11.2 16.9 20.1 24.7 33.6 47.8
IScosIty, S 100 20 | 39 | 46 [ 51 [ 67 | 94
Viscosity index 108 127 151 143 161 186
Nonpolarity index (NPI) 343 | 51.3 | 61.0 | 71.6 | 95.4 | 185.5
OYR Table 1 Base oil A E( A E)
o o Base oil F(
/ﬂ/\oJLR 1)
(o)
OJ\R 8 Table 1 Total acid
(R : alkyl group) number(*3) Peroxide value(*4) Viscosity(*5)

Fig.4 Chemical structure of TMP ester

4)
TMP
Fig.5
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Fig.6
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025¢

Table 1

Viscosity index(*6)
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12 TMP
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Fig.5 Structure and abbreviation of examined organic compounds
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Fig.6 Amine salts of phosphonic acid

3.2
(Four-ball wear test) Fig.7
Fig.7
( ) (Wear scar diameter WSD)
WSD
mm 2 WSD
(ASTM D 4172) Table 2

Hertz deformation indentation(0.299 mm)
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wear(DW)9

0 mm

v

Test pieces
(Steel ball)

Hertz deformation indentation

WSD Hertz deformation indentation

DW

Test piece holder

Test pieces
(Steel ball)

Test piece holder (rotated during test)

Fig.7 Mechanism of four-ball wear test

Table 2 Test conditions of four-ball wear test (ASTM D 4172)

g Applied load, N 392
"g Hertz contact stress, GPa 3.0

g Hertz deformation indentation, mm 0.299
g— Rotation, rpm 1.2E+03
2 Sliding velocity, m/s 0.46

g Oil temperature, 75
8' Test duration, minute 60

- Material SUJ2 (JIS)
S Diameter, mm 12.7
§ Hardness, HRc 62

= Surface roughness Ra, um 0.040

Delta

10



4.1

TPPa

DBPo

Fig.5 F 5~50 mmol/kg
Fig.8

Fig.8
30 mmol’kg TBPo 40 mmol/kg

50 mmol/kg

DBPo 10 mmol/kg TPPo

(Transition concentration)

Delta wear, mm
(—]
b}
/

0.0
0 10 20 30 40 50
Concentration, mmol/kg

(  :Transition concentration)

Fig.8 Results of four-ball wear test with Oil F
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(Fig.9
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Fig.8



Additive molecule
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(Step 1)

TTTTTTTT Tribochemical -T
reaction Antiwear film

|||||||| (Step 2) l

Fig.9 Antiwear mechanism of phosphorus-containing additives
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Fig.10 Tautmerization of DBPo

Rotation
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Fig.11 13
Fig.11
1
Fig.11 3
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TPPo(Fig.12) DBPo(Fig.13)

& Rotation

PO e

P \‘) ‘\.‘) 1,_. . Table 3 Fig.14
Fixation - ol Fig.14
g
Rotation
Fig.12 Optimization of conformation (TPPo)
Fig.15
o Fig.16
r Fixation
W4
Rotation Dy Fig.15 16
u Rotation
D | -
Nl
u: 4
|
-
4] (Stepl)
Fig.13 Optimization of conformation (DBPo)
Table 3 Results of computer simulation
Additive DBPo | DBPo | rpps | TPPo | TPPa
(T-form) | (P-form)
Heat of formation, kd/mol| -1003.26 -949.70 -1039.06 -298.02 -592.63
Dipole moment, debye 2.60 1.72 1.58 1.89 1.35
-14.11 -14.11 -13.98 -15.50 -15.78
O-C Bond energy, eV -14.23 -14.13 -14.02 -15.69 -15.78
- - -14.02 -15.72 -15.78
-13.85 -23.08 -13.77 -13.23 -21.62
P-O Bond energy, eV -13.85 -23.08 -13.79 -13.28 -21.62
-14.97 - -14.05 1359 -21.62

11



Transition concentration,

Transition concentration,

mmol/kg

mmol/kg

60

0 A/TPPa(1.35 debye)
5
40 TPPo(1.89 debye)
30 TBPo / DBPo(T-form)
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20
10 DBPo(P-form) —_ \
(1.72 debye)
0 ' ' |
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Fig.14 Relationship between Dipole moment and Transition concentration
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20
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Fig.15 Relationship between O — C bond energy and Transition concentration
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Fig.16 Relationship between P — O bond energy and Transition concentration

4.2
OilA F DBPo 10
mmol/kg Fig.17
(Additive free) NPI
NPI Fig.17
0.4
' Additive free
c t. <
E 0.3 | R
g 0.2 \ ¢ OIiI D (')il E f
V4 N |
I cilgw*-o. ¥ Oil F
= °
m ~ .
0 0.1 R R T l
------- °
DBPo (10 mmol/kg)

e
=)

20 40 60 80 100 120 140 160 180 200
NPI of TMP ester

Fig.17 Test results with various TMP esters
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Fig.17

DBPo

DBPo

NPI

Fig.9

NPI

DBPo

Additivefree
WSD = 0.690 mm
DW = 0.391 mm

NPI
Fig.18
Fig.18
NPI

DBPo

DBPo
A Tig.19 E Fig.20
A DBPo
E(Fig.19) DBPo
F(Fig.20) DBPo
DBPo
NPI

DBPo (10 mmol/kg)
WSD = 0.687 mm
DW = 0.388 mm

Fig.18 Morphology of worn surface lubricated with Oil A

Additivefree
WSD = 0.613 mm
DW = 0.314 mm

DBPo (10 mmol/kg)
WSD = 0.398 mm
DW = 0.099 mm

Fig.19 Morphology of worn surface lubricated with Oil E
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Additivefree DBPo (10 mmol/kg)
WSD = 0.546 mm WSD = 0.372 mm
DW = 0.247 mm DW = 0.073 mm

Fig.20 Morphology of worn surface lubricated with Oil F

4.3 T™MP

TMP NPI DBPo TMP
A E NPI Table 4 TMP NPI A

Table 4 Properties of the formulated TMP ester

Code of mixture Oil A M-a M-b M-c M-d M-e Oil E
Contents by { OQil A 1 7 6 1 4 3 0
weight ratio | OIil E 0 3 4 1 6 7 1

NPI 34.3 47.3 52.3 57.9 63.9 70.6 95.4
TMP DBPo 10 mmol/kg A E
Fig.21 Fig22 M-a
Fig.23 M-c Fig.24 M-e DBPo Fig.21
T™MP NPI NPI
T™P E DBPo T™P
NPI Fig.22 24
T™P NPI
TMP DBPo
TMP NPI

15
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Delta wear, mm
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e
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o

(—)
w
(—]
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NPI of formulated TMP ester

Fig.21 Test results with the formulated TMP esters

Additivefree

WSD = 0.635 mm WSD = 0.548 mm
DW = 0.336 mm DW = 0.249 mm

Fig.22 Morphology of worn surface lubricated with M-a
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Additivefree DBPo (10 mmol/kg)

WSD = 0.627 mm WSD = 0.452 mm
DW = 0.328 mm DW = 0.153 mm

Fig.23 Morphology of worn surface lubricated with M-c

Additivefree DBPo (10 mmol/kg)
WSD = 0.598 mm WSD = 0.435 mm
DW = 0.299 mm DW = 0.136 mm

Fig.24 Morphology of worn surface lubricated with M-e

4.4
NPI TMP

WinMOPAC 3.0 Windows NT 4.0 OS
EF( ) AMI1( ) Precise(
Fig.25 26 TPA
TPA (Fig.25)
TPA
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(Fig.26) TPA
0.6 nm 0.01 nm (Fig.26) TBA
TBA
Fig.27 28 TPA (HsPO3+TPA Fig.27) TBA (HsPOs+TBA Fig.28) Figh
(1.35 2.60 debye)

Anion of H;PO,
Cation of TPA

Fig.25 First step of computer simulation of amine salts of phosphonic acid

Cation of TPA

-

-
——
-
-

-
-
-

Fig.26 Second step of computer simulation of amine salts of phosphonic acid
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Heat of Formation = -B8.22703 kcal/mol

6.275 debye

Fig.27 Result of Computer simulation (H;PO; + TPA)

Hest of Formatiom =  =F25.56077 koal/fmol

7.734 debye

Fig.28 Result of Computer simulation (H;PO; + TBA)
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TMP
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c fwditive free
S5 I oiB \ T T,
S 12 Oil A \ OilC OliD OilE Oil F—Y
s\ oy K] RonTRA Ty
A 0.1 r,,-"}'g TrcA--=-nen T - e
Y ee-—=—"7 “NH,PO,+TBA
0.0 | | | |
20 40 60 80 100 120 140 160 180 200
NPI of TMP ester
(Concentration of H;PO;: 5 mmol/kg, Concentration of amine : 5 mmol/kg)
Fig.29 Test results with various TMP esters with amine salt of phosphonic acid
Fig.29 Fig.30 A
Fig.31 E Tig.32 F
Fig.29 NPI A
A (Fig.30) DBPo
(Fig.18) NPI
B E
DBPo E
(Fig.31) DBPo (Fig.19)
B D NPI F
DBPo Fig.29 Fig.17
F (Fig.32) F (Fig.23)
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H3PO3 + TPA H3PO3 + TBA

(5 mmol/kg) (5 mmol/kg)
WSD = 0.383 mm WSD = 0.420 mm
DW = 0.083 mm DW = 0.121 mm

Fig.30 Morphology of worn surface lubricated with Oil A

H3PO3 + TPA H3PO3 + TBA

(5 mmol/kg) (5 mmol/kg)
WSD = 0.415 mm WSD = 0.341 mm
DW = 0.116 mm DW = 0.042 mm

Fig.31 Morphology of worn surface lubricated with Oil E
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1)

2)

H3PO3 + TPA
(5 mmol/kg)
WSD = 0.441 mm
DW = 0.142 mm

NPI

D. Dowson : Histry of Tribology, 2nd Eddition, Professional Engineering Publishing

(1988) 41

H3PO3 + TBA
(5 mmol/kg)
WSD = 0.445 mm
DW = 0.146 mm

Fig.32 Morphology of worn surface lubricated with Oil F
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lavestigation of anti-wear additives for synthetic esters;
Amine salts of phosphonic acid

SEGAWA' [ MINANT'
Y. KIDERAT K. HIRAD. anid M, MEMITA’

“Racly Darersi af Neclvindign _
{RA Adivarakuch, Inl.u:;umk}'du Kerwi f-gaaes, Komohd TRISBA0D, PPN
SNOE Cpeporianton, IARTN
T 50, Ehikimarciio, dmggaikiah, Hrogo SHL0008, TAREN

Ajistwear { AW propertien of phodhphanic pcid derrvative for trivmeibylofpropane CEMT eter wees imvetignted

wnder boundusy conditivng,

AW el ol dislky| phosphonates. depensds an’ polerisy of buie fuid, They provide

pood AW performumee i less polar TP esters. wiereds their AW ellest & not sufficien) in polar TRIP 2sfers.
Ao walis of phosphonic geid were deveboped as new AW slditive sistem for TRP sutera. They provide exeellemt

AW perlormnes gven in palar TMP @l

Weywords - bosinilary combitivn, sniwene adiitive, amine phasplionale synihelic ssen mmpelanity ndes

L INTRODUCTION

Symischic caters hose: sy advantoges as himcoting Misld.
However ihey milll necd optemisatien, aspecinlly in AW
[sripertien, Performanee ol sdditive 8 mmetimes
wnpredicinhle profubly due fo poturity of tho-base Hiid o
il provilsiy wordl we Bave Tound thit phosphonotes (o
phinghiter)  exhibi pood AW properies @ THIP enlers
Performunee of addidive’ depends o onsanie misety. of the
milecule [1] Transiioeo poims were ohserved in sddifive
vomeeniTation verss delt weas chart. As shown bn Figure |,
difury | phosphonase (BHEPa) exbubiis good AW propertics ol
ciapcentrmtion of B otz o higher. Trunsition-points with
phiaspfinic il trieseiy (TEBPe. TPPo) e Righer than fhat
with DEMa - The results were: congiclered by ihe - elfed) of
H.L‘l:‘ll‘p.lll.'lﬁ'qlﬂ.l.\'i.'l}' ol addlines I_Z]

[sking these bnekgrounds iobh sotunl, we investigibod
effees of polariy of hase” fMuid on AW properies of
pliaphirates,  Developmerst of waw wdditive syaem e

poslar suitlstic estors sis ala irtenzsted .

Flg. b Cancenlnition ellect ut‘niumpllulul:a il
iaki=wear progerties. i Oil T
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Tubdi | Froperties of TMP eaters

Haza ail [BilA | iw | ouc | onp | ous | @af
l—h--l:-l--upl.:-!] 7 [] (] T [T] i
Taral tumhar ol € atams ] 1] 1 ] [ (7]
Talal asid murnlr, Ony | ag | apd | neR | R | B4
1, T | Ha [T A | dar | | oare
Vissaitir e e ek ‘i'.i ad | A | BT | wa
Winconiy iales [ (113 [T5] 1 mi | o
Homzalaily ides FT N ETE AT TS ETTEET

L EXPERIMENTAL

Husgem grode phosphonic acid (HEO L iribnaylsmine
(1A uml shiphenvlamime [ TRA} were lssd as roceivid,
TP essery were prepared By the Lieriere method [3] Their
phiysbcal propenties we listed |n Table | Nonpolorite indes
(WP was enlenlaved by the litemgure methid [45

A solition of amine phosphonste: (plesphamis sid anme
aell) fm TR ealers ok propured by the Tollow|ng procedurd,
Al mobke solition of phesphanic naid in oheakize efhanal
v preporcd. The etumiol solition (D25 b wisl sddad
trogwdse bo & inlxture o amine (029 mmioly and AP ssers
(M gl 8 poam temperature:  The wsulmnl mistare wan
sfirredos It he o clenr solution Tor e four-lsll st

e AW ol tee sumples were evaluuted by micans
of the toui-ball ses, necarding o ASTM 4172 Afler cha
feest, Ao wenr sear dimmeter (WSTI of the (ixed thoee baild was
memsared wift) an opcal microscope. Tl uwernge of tww
Jesd Ak was oblalsed  The deltn wear, which i the
difference betveen the WSD snd the hertz dipnsdor (15299
mind, 1§ repeirted §5]  The momhebsgy of the saem surloe
ws alan sindicd in understand the antiwenr mechoisin

A RESULTS AND HMSCUSSION

AW elfool of DBPa wol exumined in various TWMI? sstors
Thee pesulis are shown o Figere 2, Wear with additive thee
buse oll decnsmed with terense m WPE The resifis are easlly
underseod by she effect of viscosity,  Addidive eifect of
DRk varies o NPE ol e hose pil. . Excellent AW
perfarmunie wisobwerad with QI B whercas e resilts
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Fig.2  Relwthoalip hobwesn adiwios priperti
el F3EEP andd WL el AP psiur

Fig}  Antiswyar progerties of D0Po

TP il s toere

wre obtnued 'n'ith Chis By B :ll.mh] bq niticd Ehat obiisost
noeffeet Wos observed in ORIl A Effisel af WP on. AW
performirees oF DRPo was il ahsdrved in i mistime of TMP
wibern Gl A and 00 B were - mixed o prepare base fiuid
bving WL dn the raige of 35205 A shown b Flgmne 1.
swenr redicthin by DB decressed will decrenss o NPL In
ather worils, phosphonie acil eters séem o have insifficient
AW effoet bnopobar TR eatern.

Aming shlt of phosphiile eder had beoi hroduced as
effective AW ndditives for poly ether type lbricanis [6).
this study, smine phoaphonates was imvestigiled = anulogiug
kil itig phosphni ddler desfeutives.  The fzatiie uf e new
wdditive systom o simple prepasstive methed.  Phosphonic
wcid hordly dissolves o orgamic fluids.  Reoction’ of the
limimgnnii fcid with orgnic ammes gives aomine wills b
quamnditatiye yveeld.  The salts diggobye sasily o palar orgaivy
fitds.  Anoiher Fedture oF e new additive xvssem . o
Mesibnlity I eeituin properiies by wsdifiemidn ol wning
srugare.

AW performanes of the new udditive systom wis exuminid.

A shoen fn' Figiere 4, THA and TPA dalis reduce wene fn (il |,

AW propertics of the safts for virioss THP esten wire afs
gonfirmesd. A ahownin Fignes 5, the salts redoce wear eves
In polar THP estire

4, CONCLUSIONS

| AN pr\q-p:ﬂiﬂ.qll'.lﬁulh.yl |'||'m:|.|:ﬁ‘.||:|rl.|.|.‘rm TH rHt"..F}d:ﬂ
deperml en palurity of the base Quid.  They provide good
AW prpentled in less palor TAMEP estern, whereas ibmonl
no-effect was fosnid in polor TP sster
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2 Amine wlis of phosphoniv icid were deveboped as e
udditrve system for TMI® estors. They wono prepared by
aimgple renction of plddphonic acid with ongone omine
Thelr AW effoit ks exeelbin evisn 0 pulsr TMP eslen
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