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FOREWORD

This report describes the research conducted by personnel
of the University of Dayton Research Institute on Contract No.
F33615-83-C-2317 entitled Assessment of Remaining Lubricant Life.
The work reported herein was performed during the period of
15 November 1983 to 15 December 1985 and was supported by the
Aero Propulsion Laboratory, Air Force Wright Aeronautical Labs,
Wright Patterson Air Force Base, Ohio. The effort was monitored
by Mr. G.A., Beane IV of the Aero Propulsion Laboratory whose
advice and direction were significant in the successful comple-
tion of this effort.

The authors are indebted to Mr. Michael A. Keller and
James D. Wolf of the Research Institute for their assistance in
characterizing the stressed oil samples and in writing the com-
puter program used to control the data acquisition system.

Accesion For \
NTIS CcRragi g
a

DTIC TAB
Unanno:mced
Juﬂ“&&mnmm_
Oistibutiorf

e et

Avdilability Codes
oo | Avail ' gjor ™"
- Specld|

Wil

pTIC

noRY
INSPFOTED
€

iii

w PR
o |

e 9.0

e Y ()
AL N

&

e

¥

N e




N
*
) ]
¥ h
“‘§ TABLE OF CONTENTS N
S o
. ! L
: o SECTION PAGE "
4
'::: I INTRODUCTION 1 ::
( "
5: I RESULTS AND DISCUSSION 3 .
» "’
- 1. TASK 1. IDENTIFICATION OF REMAINING Y
:g , LUBRICANT LIFE ASSESSMENT TEST CANDIDATES 3 (f
i 0
ﬁ’ a. Introduction 3 it
b. Voltammetric Techniques 4 5
0 (1) Introduction 4 3
k (2) Effect of Solvent Type 10 v
“ (3) Effect of Working Electrode 18 ¢
i (4) Effect of Electrolyte 18 '
o (5) Effect of Scan Rate 18 .
. (6) Effect of Additives 20 N
e (7) Effect of Formulation 20 f
N (8) Calibration Curves of Antioxidants #
3 in MIL=-L-7808 Oil 24 !
(9) Effect of Successive Scans on .
i Voltammograms of MIL-L-7808 Oils 27 i
N (10) Effect of Oxidation Products 27
3 (11) Effect of Organic Peroxides on ¢
) the Voltammograms of the MIL-L~- i
X 7808 Lubricating Oils 38 N
; (12) Effect of Pyridine on the '
Ry Voltammograms of the MIL-L-7808 *
Lubricating Oils 38 b
I (13) Summary of the Voltammetric -
? Techniques 47
W [
Ly c¢. Thermal Stressing Techniques 47 !
! (1) Introduction 47 .
: (2) Effect of Sample Size 49 X.
. (3) Effect of Analysis Temperature 51 "
3 (4) Summary of HP-DSC Technique 54 : )'
W &
ﬂ ' d. Chemical Stressing Techniques 54 ;
Y (1) Introduction 54 ¢
- . (2) Colorimetric Method 54 )
T (a) Introduction 54 i
3 (b) Effect of BDN Solution/Cumene V
& Hydroperoxide Ratio 58 .
oy (c) Effect of Sample Size 59 b,
" (d) Effect of Antioxidant Type 61 v
B (e) Effect of Formulation 63 .
@ (f£) Analysis of Laboratory N
ﬁ' Stressed TEL-4005 Oil Samples 63 \
) (g) Summary of Colorimetric N
o Method 66 ¢

\
)
U

'

o




TABLE OF CONTENTS (CONTINUED)

SECTION PAGE ;
¥
Il (3) Modified Ford Method 66 !
(a) Introduction 66 '
(b) Effect of Type of Easily ol
Oxidizable Substrate 69 A
(c) Effect of Hexadecane 71 -
(d) Effect of AIBN Solution . B
Concentration 73 .
(e) BEffect of AIBN Solution .
and Benzaldehyde Quantities 73 -
(f) Effect of Oxygen Purge 73 *
(g) Effect of Oil Sample Size 74 N
‘th) Modified Ford Method 74 .
(1) BEffect of Time on the AIBN C .
Solution 17 '
(j) Effect of Formulation 79 . K
(k) Analysis of Thermally Oxidized |
TEL-4005 Cil Samples 79
(1) Summary of the Modified Ford
Me thod 83
e. Hydroperoxide Measurements 83
(1) Introduction 83 ;
(2) Iodine Liberation Techniques 86 :
(3) Cyelic Voltammetric Techniques 88 '
(a) Introduction 88 !
(b) Thin Film Mercury Working
Electrode 88
(c) Glassy Carbon Working Electrode 89
(4) Summary of AlKkyl Hydroperoxide
Detection Techniques 94
f. Fermanganatomektric Method 94
(1) Introduction 04
(2) Effect of KMnO, Concentration 95
(3) Effect of Reacfion Time 96
(4) Summary of Permanganatometric !
g. Electrical Property Measurements 97
(1) Introduction . 97 v
(2) Comparison of the Electrical '
Property Measuring Systems Used by
UDRI and the COBRA 98
(3) Effect of Oxidative Degradation 100
(4) Relationship Between VI/V and
COBRA Readings 100
(5) Effect of Formulation 102 R
(6) Summary of Electrical Property ’
Measurements 102 n
I,
vi !

ey

X A M ) 3 e i A L L i S DA U U eV (LK U XN O U MO M s W



TABLE OF CONTENTS (CONTINUED)

SECTION PAGE
II h. Fluorescence Spectrophotometry 105
(1) Introduction 105
(2) Effect of Formulation 105
(3) Effect of Oxidative Degradation 107
(4) Summary of Fluorescence
Spectrophotometry 107
i. Comparison of Identified Analytical
Procedures 109
2, TASK 2. DEVELOPMENT OF REMAINING LUBRICANT
LIFE ASSESSMENT TEST CANDIDATES 111
a. Introduction 111
b Voltammetric Techniques 113
(1) .Introduction 113
(2) Cyclic Voltammetric Analyses of
the MIL-L-7808 Oils 114
(3) Effect of Dilution Solvent Amount 124
(4) Effect of Electrode Configuration 124
(5) Effect of Antioxidant Type 125
(6) Reductive-Cyclic Voltammetric
Analyses of the MIL-L-7808 Oils 129
(7) Linearizing the Reductive=Cyclic
Voltammetric Plots 129
(8) Effect of Organic Base 137
(9) Effect of Successive Scanning
Cycles 142

(10) Determination of the Mathematical
Relationship Between the RLL of
MIL-L~-7808 Oils and the RCV

Results 152
(11) Effect of Formulation 158

(12)  Summary of the Reductive=Cyclic
Voltammetric Technique 158
c. Thermal Stressing Technique 160
(1) Introduction 160

(2) High Pressure-Differential

Scanning Calorimetry 160
(a) Introduction 160

(b) High Pressure~Differential
Scanning Calorimetric
Analyses of the MIL~L-7808

Oils . l62
(c) Linearizing the HP~DSC Onset
of Oxidation Time Plots 171
vii

¥ WU AN AU SOSSAOOAU OOV IS CUSUOOC FIC U A M IO AR I A ORI I TN TR TA A I U W W T



-
-

- . .y

g:g TABLE OF CONTENTS (CONTINUED)
e SECTION PAGE 3
":’; :
I' 4
! II (d) Linearizing the HP=-DSC Onset :
e of Reaction Time Plots 171 v
W (3) Sealed Pan-Differential Scanning :
. Calorimetry 178 '
v (a) Introduction 178 i
“ (b) Effect of Sample Pan 178 k
o (c) Effect of Sample Size 179 )
by (d) Effect of Oxidizing Substances 182 '
h (e) Effect of Oxidizing Atmosphere 184 i
(f) Effect of Initial Temperature 188 .
" (g) Sealed Pan-Differential X
oy Scanning Calorimetric Analyses v
v of the MIL-L-7808 Oils 188 )
s (h) Linearizing the SP-DSC Onset "
N of Oxidation Time Plots 199 2
- (4) Comparison of the SP~DSC and HP-DSC -
o Techniques 201 w
y \
% d. Chemical Stressing Technique 203 %
W (1) Introduction 203 !
3 (2) Effect of Sample Temperature 204 i
. (3) Effect of Cumene Hydroperoxide
. Concentration 206 1
R (4) Colorimetric Analyses of MIL-L~ g
ks 7808 Oils 207 ;
'§ (5) Linearizing the Colorimetric BDN 3
N Decoloration Induction Time Plots 214 !
i
Ty e. Comparison of Remaining Lubricant Life
3{ Assessment Test Candidates 217
' '
?g 3. TASK 3. EVALUATION OF REMAINING LUBRICANT LIFE :
K ASSESSMENT TEST BASED ON THE REDUCTIVE-CYCLIC :
VOLTAMMETRIC TECHNIQUE 219 i
Eg a. Introduction 219 ;
. ',‘G' - ]
.f b, Effect of Stressing Temperature 219 E
WO v
: c. Effect of Oil Formulation 220 v
o ht
5;; d. Analysis of Used MIL-L-7808 Oils 223 (
) \l
§ e. Analysis of Authentic Used MIL-L- X
o 7808 and MIL-L~23699 Oils 231 3
r f. Effect of 0il Addition 235 -
. 3
g. Summary of RLLAT Based on RCV 242 ﬁ
1
viii :

lef e -

A R W ah (8 Tl BTy e iy BN RN TRty LRGN T NG OO UL W e SC L YC e 8%




SECTION

III

TABLE OF CONTENTS (CONCLUDED)

CONCLUSIONS AND RECOMMENDATIONS

APPENDIX A: PREPARATION AND CHARACTERIZATION
OF STRESSED MIL=-L=-7808 OIL SAMPLES

APPENDIX B: EQUIPMENT AND PROCEDURES

REFERENCES

PACE

245

248
301

320




LIST OF ILLUSTRATIONS

FIGURE PAGE

1 Typical Triangular Waveform (a) Used by Cyclic
Voltammetry and a Typical Current-Potential Curve
(Voltammogram) (b) Produced by Cyclic Voltammetry
(Reproduced from Reference l). E = Potential and

i = Current. 8
2 Voltammograms for the Basestock (A) and Fresh

TEL-4005 0il (B) in Acetonitrile with a Platinum

Working Electrode. 11
3 Voltammograms of the Fresh TEL-4005 and an

Used MIL-L-7808 0Oil Sample (J79 Engine; 450 Hours
Since 0il Change) in Acetonitrile with a Platinum
Working Electrode. 12

4 Voltammograms of 100 and 200 ul Samples of the
Fresh TEL-4005 Oil in Acetonitrile with a
Platinum Working Electrode. 14

5 Voltammogram of a 200 pl Sample of the Fresh
TEL-4005 0il in Propylene Carbonate with a Platinum
Working Electrode. 15

6 Voltammogram of a 200 yl Sample of the Fresh TEL-
4005 0il in Methanol with a Platinum Working
Electrode. 16

7 Voltammogram of a 200 pyl Sample of the Fresh
TEL-4005 0il in Acetone with a Platinum Working
Electrode. 17

8 Effect of the Working Electrode Type on the Voltam-
nogram of the Fresh TEL-4005 Oil: GCE=Glassy Carbon
Electrode, PTE=Platinum Electrode, and AUE=Gold

Electrode. 19
9 Effect of the Scan Rate (mV/sec) on the Voltammogram

of the Fresh TEL-4005 0il in Acetone with a Glassy

Carbon Working Electrode. 21

10 Voltammograms of the Fresh TEL-4001, TEL-4002, and
TEL-4003 Lubricating Oils in Acetone with a Glassy
Carbon Working Electrode. 22

11 Voltammograms of the Fresh TEL-4004, TEL-4005, and
TEL-4006 Lubricating Oils in Acetone with a Glassy
Carbon Working Electrode. 23

) ] ) A ' y . . Py ; A AR A Uy .
OO UG Y I CUCIC OO D M OUCC OGO M A FOOAM N ARSI S AR IS LA RN PRSI Eb HENNC S )



LIST OF ILLUSTRATIONS (CONTINUED)

FIGURE PAGE

12 Fffect of Successive Additions of 1% DODPA and PANA
Solutions on the Voltammograms Produced by a Glassy

Carbon Working Electrode in Acetone. 25
13 Calibration Curves for the Oxidation and Reduction
wWaves of PANA and DODPA., - 26

14 First and Fifth Scan Voltammograms of the Fresh
TEL=-4001 and TEL-4002 Oils in Acetone with a Glassy

Carbon Werking Electrode. 28 . (
15 First and Fifth Scan Voltammograms of the Fresh

TEL-4003 and TEL-4004 Oils in Acetone with a Glassy

Carbon Working Electrode. 29

16 First and Fifth Scan Voltammograms of the Fresh
TEL-4005 and TEL-4006 Oils in Acetone with a Glassy
Carbon Working Electrode. 30

17 Effect of Successive Additions of a 1% PANA Solution
in the Presence of 1% DODPA and 0.3% PANA on the First
and Fifth Scan Voltammograms Produced by a Glassy
Carbon Working Electrode in Acetone. 31

18 Voltammograms of Fresh and Stressed TEL-4005
Oils in Acetone with a Glassy Carbon Working
Electrode. 33

19 First and Fifth Scan Voltammograms of 24 Hours
Stressed TEL-4005 0il in "cetone with a
Glassy Carbon Working Electrode. 34

20 First and Fifth Scan Voltammograms of 48 and 72
Hours Stressed TEL-4005 Oils in Acetone
with a Glassy Carbon Working Electrode. 35

21 First and Fifth Scan Voltammograms of 96-168 Hours
Stressed TEL-4005 0Oils in Acetone with a
Glassy Carbon Working Electrode. 36

22 First and Fifth Scan Voltammograms of 192-240 Hours
Stressed TEL~4005 Oils in Acetone with a
Glassy Carbon Working Electrode. 37
23 Effect of Benzoyl Peroxide on the Voltammogram of

the Fresh TEL-4005 Oil in Acetone Using a Glassy
Carbon Working Electrode. 39

R

| :I‘A'v n.‘v bty 88, 0% Qi TN . 'l.m 91008 00 n.;.l. Wt ) ot .\-)‘\‘h T u\'-.rJ"Hh\\Pr HOH AN s’

B2 TR0 ‘L gt !.uk‘.‘_ﬁ_!‘




FIGURE

24

25

26

27

28

29

30

31

32

33

-

LIST OF ILLUSTRATIONS (CONTINUED)

PAGE
Effect of Benzoyl Peroxide on the Voltammogram of
the Fresh TEL-4001 Oil in Acetone Using a Glassy
Carbon Working Electrode. 40
Effect of Successive Additions of the 5% Pyridine
in Acetone Solution on the Voltammogram of the
Fresh TEL-4005 Oil in Acetone Using a Glassy
Carbon Working Electrode. 42
Effect of the 5% Pyridine in Acetone Solutior n
the Voltammograms of the Fresh TEL-4001 and 1/.~
4002 0Oils in Acetone Using a Glassy Carbon Working
Electrode, 43
Effect of the 5% Pyridine in Acetone Solution on
the Voltammograms of the Fresh TEL-4003 and TEL-
4004 Cils in Acetone Using a Glassy Carbon
Working Electrode. a4

Effect of 5% Pyridine in Acetone Solution on the
Voltammograms of the Fresh TEL-4005 and TEL=4006
Oils in Acetone Using a Glassy Working Electrode. 45

Reduced Scan Voltammograms of the 16 and 24 Hours
Stressed TEL-4005 Oils in the Presence of Pyridine
Using a Glassy Carbon Working Electrode. 46

Plots of the 280 mV Reduction and 630 mV Oxidation
Waves' Heights (1st and 4th Scan) versus the
Stressing Time for TEL=-4005 Oil. 48

HP-DSC Thermogram of the TEL-4005 0il Produced
Using a 5 y1 Sample, a Heating Rate of 10°C/Minute,
and an Oxygen Pressure of 500 psi. 50

HP-DSC Thermogram of the TEL-4005 0il Produced
Using a 1 ;1 Sample, a Heating Rate of 10°C/Minute,
and an Oxygen Pressure of 500 psi. 52

HP-DSC Thermograms of the Uninhibited Ester Base-
stock, the Fresh TEL-4001 and TEL-4005 0Oils, and the
Authentic Used (F-25 and R-30) MIL-L~-7808 0il

Samples Produced Using a 1 ;1 Sample, Isothermal
Temperature of 230°C, and an Oxygen Pressure

of 100 psi. 53

Xii

BRI LA N AT ANERTVAING NS SO DO MOOEL W SN A AT TN & (¥ S AR AN ISR S SN

TN [}
Coeategeti!

\



LIST OF ILLUSTRATIONS (CONTINUED)

FIGURE PAGE

34 Effect of Antioxidant Concentration on the
Decoloration Rate of a BDN Solution (Reproduced
from Reference 18), 56

35 Effect of Sample Size on the % Absorbance of the
BDN Solution versus Reaction Time (25°C) Plots for
the TEL-4004 0Oil. 60

36 Effect of Antioxidant Type on the % Absorbance of
the BDN Solution versus Reaction Time (25°C) Plots
for PAMNA and DODPA. 62

37 Plots of the % Absorbance of the BDN Solution
versus Reaction Time for the Fresh TEL-4001
through TEL-4006 MIL-L-7808 Oils. 64

38 Plots of the % Absorbance of the BDN Solution
versus Reaction Time for the Fresh and Stressed
(19-137 Hours) TEL-4005 Oils. 65

39 Plots of Oxygen Absorption versus Time of AIBN
Stressing at 60°C for Automotive Engine Oils
(t=Induction Time) (Reproduced from Reference 21). 68

40 Plots of Oxygen Absorption versus Reaction Time
of AIBN Stressing at 60°C of Easily Oxidized Sub-
stances (No MIL-L=-7808 Oil Present). 70

41 Plots of Oxygen Absorption versus Reaction Time of
AIBN Stressing at 60°C of Fresh and Oxidatively
Stressed TEL-4005 Oils. 72

42 Effect of Oxygen Purge on the Oxygen Absorption
versus Reaction Time of AIBN Stressing at 60°C
of Benzaldehyde. 75

43 The Effect of Sample Size (TEL-4005 Oil) on the
Oxygen Absorption versus Reaction Time of AIBN
Stressing at 60°C of Benzaldehyde. 76

44 The Effect of AIBN Solution Aging Time on the
Oxygen Absorption versus Reaction Time of AIBN
Stressing at 60°C for the TEL=-4005 Oil. 78

xiii

OO0 R0 LA U Sl oWy Ketho e R T v hiel e,
A R R A A M s D O PR U RN




%

e

.E:: LIST OF ILLUSTRATIONS (CONTINUED)

"“r.

R FIGURE PAGE
:.o,t'e

.&% 45 Plots of Oxygen Absorption Versus Reaction Time

W of AIBN Stressing at 60°C for the Different MIL-

A L-7808 Oils. 80 .

5

aa 46 Plots of Oxygen Absorption versus Reaction Time

e of AIBN Stressing at 60°C for the Fresh and

)

il Oxidatively Stressed TEL-4005 Oils. 81
:":'I"

o 47 Plot of Induction Time (AIBN at 60°C) versus

Thermal Oxidation Stressing Time for the

i TEL-4005 Oils (Stable Life Ends at 96 Hours). 82
i"‘.‘

;"::'7': 48 Hydroperoxide (-OOH: Mand q = Initial Amige

k) Concentrations of 7.0 x 10 and 2.9 x 10 M,

;ﬂg Respectively) Formation and Amine Antioxidant, (AH:

ot QO and o0 =.Initial Concentrations of 7.0 x 10 and
s 2.9 x 10 ¥ M, Respectively) Consumption in the

s Inhibited Autoxidation of Pentaerythrityl

}A% Tetraheptanoate (Reproduced from Reference 20). 85
,?‘ :,-.I

W%A 49 Plots of Total Peroxide and Hydroperoxide Concen-

trations versus Stressing Time of TEL=-4005

iy Oils. 87
ng‘i

L
~.§$ 50 Voltammograms of Hydroperoxides Present in New

}&q and Laboratory Stressed TEL-4005 Lubricating

W Oils in Acetone Using a Hg=-AUE Electrode. 90
D

Ry 51 Voltammograms of 50, 100, 150, and 200 yl1 Samples

et of Benzoic Peroxide (A) and Cumene Hydroperoxide

#ﬁ? (B) in Acetone Using a Glassy Carbon Working

{$$ Electrode. 92
RAA?

1® 2 52 Voltammograms of Hydroperoxides in New and Labora-

oYy tory Stressed (24-144 Hours) TEL-4005

st

ﬁh; Lubricating Oils in Acetone Using a Glassy Carbon

v Working Electrode. 93 .
kel
.jJQ 53 Schematic of Electrical Circuit Used to Measure
i Electrical Properties of Oil Samples. 99 >
_""llf

N 54  Plots of the V,/V Ratio for 10, 100, and 1000 Hz

ﬁﬁw Inputs versus §tressing Time for Fresh and Stressed

rty (24-120 Hours) TEL-4005 0il Samples. 101
TN

:_ 55 Plot of the COBRA Reading versus the Reciprocal

0 of the V_/V Ratio for the Fresh and Stressed
T (0-120 Hdurs) TEL-4005 Oils Using an

e Input of 10 Hz. 103
1‘01

:':':'l .

! Xiv

D) ‘

M

L B% A 0g 0%, 2 O3NS0 SOOI T WL \
RASISRR S R A S A R

d Adh MOIOOU TS AT R (R )
.".‘;\.J,‘AJJ.,.\... IR LA T Moot J'.i)‘qk-“.‘.f.h‘:ﬁ‘-:\‘l.d PP ARy ¢ Tolgoat 1M A

- " ud q.‘l"n!l'u.l’; g 4- - CARANE ALy




LIST OF ILLUSTRATIONS (CONMTINUED)

FIGURE PAGE ;
56 Effect of Formﬁlation on the Fluorescence of '
Fresh MIL-L-7808 Lubricating Oils., 106
57 Effect of Oxidation Degradation on the
Fluorescence of MIL-L-7808 Lubricating Oils. 108
58 Single Scan Voltammograms of Fresh and Stressed

(19~137 Hours at 370°F) TEL-4001 MIL-L-7808 0ils
in Acetone Using a Glassy Carbon Working
Electrode. 115

59 Single Scan Voltanmngrams of Fresh and Stressed
(16-234 Hours at 370°F) TEL-4002 MIL-L-7808 Oils
in Acetone Using a Glassy Carbon Working
Electrode. 116

60 Single Scan Voltammograms of Fresh and Stressed
(16~304 Hours at 370°F) TEL-4003 MIL-L-7808 0Oils
in Acetone Using a Glassy Carbon Working
Electrode. 117

61 Single Scan Voltammograms of Fresh and Stressed
(16-263 Hours at 370°F) TEL-4004 MIL-L-7808 Oils
in Acetone Using a Glassy Carbon Working
Electrode. 118

62 Single Scan Voltammograms of Fresh and Stressed
(19-194 Hours at 370°F) TEL-4005 MIL-L-7808 Oils
in Acetone Using a Glassy Carbon Working
Electrode. 119

63 Single Scan Voltammograms of Fresh and Stressed
(19~-408 Hours at 370°F) TEL-4006 MIL-L-7808 Oils
in Acetone Using a Glassy Carbon Working

Electrode. 120
, 64 First and Fifth Scan Voltammograms of Fresh
TEL-5001 MIL~L-7808 0il in Acetone Using a Glassy
i Carbon Working Electrode. 122
&a 65 First and Fifth Scan Voltammograms of Fresh
o TEL-5002 MIL=-IL,-7808 0il in Acetone Using a Glassy
?b Carbon Working Electrode. 123
}ﬁ. 66 Reductive Voltammograms of Cifferent Antioxidants

and Antioxidant Combinations in Acetone Containing
Pyridine Using a Glassy Carbon Working Electrode. 126

XV

Al Q". ; A ¥ (L8 AL . M AL '. ATy B 8%y D) Y- DUCRA X AR u - CRANT - *Q.!, ., TPy
Sl ot ‘"'w"' > L "‘A\é"‘.'-‘"a"',“' ;‘1“ ty: '9‘75"4315'".?". . ':“.'I,iv\_,l'\fl';b:,. SR “h":*?‘\: O "?‘x‘ "c‘,"a?»‘s‘)l‘."n"i‘,f
. . s : A e e Sl -t vt . a. ' T A S A

.x ‘lxuv_— 'v":r
A NS,




FIGURE
67

68

69

70

71

72

73

74

75

76

o
RAOKURNR MR
S L'a..n'a“,.’,qlg".ﬂ.'a o

LIST OF ILLUSTRATIONS (CONTINUED)

First and Steady State Scan Voltammograms of PANA
and PANA with DODPA Antioxidant Systems in Acetone
Using a Glassy Carbon Working Electrode.

First and Steady State Scan Voltammograms of
Cctyl=PANA and Octyl=-PANA with DODPA Antioxidant
Systems in Acetone Using a Glassy Carbon Working
Electrode. '

Reductive Voltammograms of Fresh and Stressed
(19-137 Hours at 370°F) TEL=-4001 MIL-L-7808 Oils
in Acetone Containing Pyridine Usirig a Glassy
Carbon Working Electrcde.

Reductive Voltammograms of Fresh and Stressad
(16-234 Hours at 370°F) TEL-4002 MIL-L-7808 Oils
in Acetone Containing Pyricdine Using a Glassy
Carbon Working Electrode.

Reductive Voltammograms of Fresh and Stressed
(16=313 Hours at 370°F) TEL-4003 MIL-L-7808 Oils
in Acetone Containing Pyridine Using a Glassy
Carbon Working Electrode.

Reductive Voltammograms of Fresh and Strassed
(16-263 Hours at 370°F) TEL-4004 MIL-L-7808 Oils
in Acetone Containing Pyridine Using a Glassy
Carbon Working Electrode.

Reductive Voltammograms of Fresh and Stressed
(19-194 Hours at 370¢F) TEL-4005 MIL~L-7808 Oils
in Acetone Containing Pyridine Using a Glassy
Carbon Working Electrode.

Reductive Voltammograms of Fresh and Stressed
(19-408 Hours at 370°F) TEL-4006 MIL-L-7808 Oils
in Acetone Containing Pyridine Using a Glassy
Carbon Working Electrode.

Plots of Reduction Wave (C) Height in the Presence
of Pyridine Versus Stressing Time (370°F) for the
TEL-4001 through TEL-4006 MIL-L-7808 Oils.

Semi-Logarithmic Plots of the Reduction Wave (C)
Height in the Presence of Pyridine Versus
Stressing Time (370°F) for the TEL-4001 through

AVl

AIOCO OGO INOAGOOOIGOGO00 )
»a. ‘ntr‘l‘u*l.,n'la\!i'a, ‘.’-'q".’:‘Lh?“..‘.ﬁ,"'\.aa..*.‘;,‘..‘,'.'e.ng'?.

PAGE

127

128

130

132

133

134

135

136

138

s




LIST OF ILLUSTRATIONS (CONTINUED)

170 ot o e e o

FIGURE PAGE

717 Effects of the Amount (0-90 ul) of a 5% Pyridine
Solution on the Reductive Voltammograms of the
. TEL-4003 MIL-L-7808 Oil in Acetone Using a
Glassy Carbon Working Electrode. 139

o e e g o

78 Ef fects of the Amount (0-90 ul) of a 5% Pyridazine
Solution on the Reductive Voltammograms of the
TEL-4003 MIL-L-7808 Oil in Acetone Using a
Glassy Carbon Working Electrode. 140

79 Effects of the Amount (0-~120 pl) of a 5% 2,2’
Dipyridyl Solution on the Reductive Voltammograms
of the TEL-4003 MIL~L=-7808 Oil in Acetone Using
a Glassy Carbon Working Electrode. 141

80 First (F), Second (S), and Steady State Reduction
Waves of the Fresh and Stressed (16-234 Hours at
370°F) TEL=-4002 MIL=L-7808 Oils and of the Blank. 144

81 Plots of the First, Second, and Steady State
Reduction Wave Heights Versus Stressing Time
(370°F) for the TEL-4001 MIL~-L-7808 Oil. 147

82 Plots of the First, Second, and Steady State
Reduction Wave Heights Versus Stressing Time
(370°F) for the TEL-4002 MIL-L-7808 0il. 148

83 Plots of the First, Second, and Steady State
Reduction Wave Heights Versus Stressing Time
(370°F) for the TEL-4006 MIL-L-7808 Oils. 149

84 Plots of the 1n of the First, Second, and Steady
State Reduction Wave Heights Versus Stressing Time
(370°F) for the TEL=-4001 Oil. 151

85 Plots of the ln of the First, Second, and Steady
State Reduction Wave Heights Versus Stressing Time

(370°F) for the TEL=-4002 Oil. 153
‘ 86 Plots of the 1n of the First, Second, and Steady
State Reduction Wave Heights Versus Stressing Time
(370°F) for the TEL-4006 Oil. 154
87 Plots of the Inverse and Inverse Squared of the

Steady State Reduction Wave Height Versus Stressing
Time (370°F) for the TEL-4002 Oil. 156




LIST OF ILLUSTRATIONS (CONTINUED)

FIGURE PAGE

88 Plots of the 1ln of the Steady State Reduction
Wave Height and Percent Lubricant Life Versus Hours
of Remaining Lubricant Life at 370°F for the TEL=
4001, TEL-4002, and TEL-4006 Oils. 157

89 Plots of the 1ln of the Reduction Wave Heights and
Percent Remaining Life of the Reductive=Cyclic
Voltammetric Technique Versus Hours of Remaining
Life at 370°F for the Fresh and Stressed MIL-L~
7808 Oils. 159

90 HP-DSC Thermogram of Fresh TEL-4003 MIL~-L~7808 0il
By Pemonstrating Procedures Used to Determine the
Onset of Oxidation Time, Onset of Reaction Time,
and Preoxidation Period. 161

91 Plots of the HP=-DSC Onset of Oxidation Time Versus
Stressing Time at 370°F for the TEL-4001 through
TEL-4006 MIL-L-7808 0Oils. 170

92 Plots of the 1ln of the Onset of Oxidation Time
Versus Stressing Time at 370°F for the TEL~4001
through TEL-4006 MIL-L-7808 Oils. 172

93 Plots of the Inverse of the Onset of Oxidation
Time Versus Stressing Time at 370°F for the TEL~

4001 through TEL-4006 MIL-I.-7808 Oils. 173 1

94 Plots of the Inverse Squared of the Onset of 1
Oxidation Time Versus Stressing Time at 370°F for |

the TEL-4001 through TEL-4006 MIL-L-7808 Oils. 174 |

1

1

95 Plots of the HP-DSC Onset of Reaction Time Versus
Remaining Lubricant Life at 370°F for the Fresh |
and Stressed MIL-L-7808 Oils. 176 |

96 Plots of the 1ln of the HP-DSC Onset of Reaction
Time Versus Remaining Lubricant Life at 370°F for
the Fresh and Stressed MIL~L-7808 Oils. 177

97 SP-DSC Thermogram of Fresh TEL-4006 MIL-L-7808
0il Performed in the Stainless Steel Capsule. 180

98 Effect of Sample Size on the SP=DSC (in air)
Thermogram (250°C) of a Stressed (194 Hours at
370°F) TFL-4006 MIL-L-7808 0Oil. 181

99 Effect of Fresh TEL-4004 MIL-L-7808 Oil on the
Thermogram (90°C - Isothermal) of a 10 Percent
Cumene Hydroperoxide in Benzalduhyde Solution. 183

xviii




W
.\'&'l 4
"QE: LIST OF ILLUSTRATIONS (CONTINUED) '
:ﬁz“:
v FIGURE PAGE :
'.;. i
w 100  Effects of Fresh TEL-4004 and TEL-4005 MIL-L-7808
o 0ils on the Thermogram (250°C - Isothermal) of a j
N Aged (180 Hours at 370°F) TEL-4005 MIL-L-7808 ‘
0il. ' 185
.%ﬁ' _ 101 Effect of an Oxygen Atmosphere on the SP-DSC
e Thermograms (250°C) of Fresh and Stressed (194
S Hours at 370°F) TEL-4006 MIL-L-7808 Oils. 186
e .
_ 102 Effect of Oxygen Pressure on the Thermogram K
) {250°C - Isothermal) of the Fresh TEL-4006 MIL~
o] L-7808 Oil. 167
"y
&
“ 103  Effect of Initial Temperature on the SP-DSC (in
KX Oxygen) Thermogram of a Stressed (305 Hours at
A~ 370°F) TEL=-4006 MIL-L-7808 Oil. 189
B ;
o 104  SP-DSC Thermogram (230°C - 3°C/Min.) of the Fresh |
R0 TEL-4006 MIL-L-7808 0il Demonstrating the Determi- q
5§ nation of the Onset of Oxidation Time. 190
|:|
N 105 SP-DSC (in Oxygen) Thermograms (230°C - 3°C/Min.)
o of Fresh and Stressed (19-116 Hours at 370°F)
i TEL-4001 MIL-L-7808 Oils. 192
v
:& 106 SP=DSC (in Oxygen) Thermograms (230°C = 3°C/Min.)
R of the Fresh and Stressed (16~213 Hours at 370°F)
1) TEL=-4002 MIL-L=7808 Oils. 193
i
Qﬁ 107 SP~DSC (in Oxygen) Thermograms (230°C = 3°C/Min.)
o of the Fresh and Stressed (16-360 Hours at 370°F)
s TEL-4003 MIL-L-7808 Oils. 194
B
(1 108 SP-DSC (in Oxygen) Thermograms (230°C - 3°C/Min.)
R of the Fresh and Stressed (16-213 Hours at 370°F)
;ﬂ TEL-4004 MIL-L-7808 Oils. 195
“'.l .
i 109  SP-DSC (in Oxygen) Thermograms (230°C - 3°C/Min.)
" of the Fresh and Stressed (19-166 Hours at 370°F)
. TEL-4005 MIL-~-L-7808 Oils. 196
¢ !
e 110 SP-DSC (in Oxygen) Thermograms (230°C - 3°C/Min.) i
o of the Fresh and Stressed (19-380 Hours at 370°F) .
o TEL-4006 MIL-L-7808 Oils. 197 ~
?:‘c
v 111 Plots of the SP-DSC (in Oxygen) Onset of Oxidation
oy Time Versus Stressing Time at 370°F for the Fresh
_&; and Stressed MIL-L-7808 Oils. 198

®ix

N . ’ -
23 4% 6% $Vn AV A¥ 5 A% 4¥e 1T §



LIST OF ILLUSTRATIONS (CONTINUED)

FIGURE PAGE

112 Plots of the 1n of the SP-DSC Onset of Oxidation
Time Versus Hours of Remaining Lubricant Life
at 370°F for the Fresh and Stressed MIL-.-7808
Oils. 200

113 Plots of the Percent BDN Absorbance Versus Reaction
Time at 35°C fcr the PFresh and Stressed TFL~4001
and TEL~4006 Oils. 205

114 Plots of the Percent BDN Absorbance Versus Reaction
Time at 35°C for the Fresh and Stressed (19-148
Hours at 370°F) TEL=-4001 Oils. 208

115 Plots of the Percent BDN Absorbance Versus Reaction
Time at 35°C for the Fresh and Stressed (16-234
Hours at 370°F) TEL-4002 Oils. _ 209

116 Plots of the Percent BDN Absorbance Versus Reaction
Time at 35°C for the Fresh and Stressed (16~352
Hours at 370°F) TEL=-4003 Oils. 210

117 Plots of the Percent BDN Absorbance Versus Reaction
Time at 35°C for the Fresh and Stressed (16-241
Hours at 370°F) TEL-4004 0Oils. 211

118 Plots of the Percent BDN Absorbance Versus Reaction
Time at 35°C for the Presh and Stressed (19~166

Hours at 370°F) TEL-4005 Oils. 212
119 Plots of the Percent BDN Absorbance Versus Reaction

Time at 35°C for the Fresh and Stressed (19-354

Hours at 370°F) TEL-4006 Oils. 213

120 Plots of the BDN Decoloration Induction Time Versus
Stressing Time at 370°F for the TEL=-4001 through
TEL-4006 MIL-L-7808 Oilsa. 215

121 Plots of the Log of the BDN Decoloration Induction
Time Versus Hours of Remaining Lubricant Life at
370°F for the Fresh and Stressed MIL-L-7808 0Oils. 216 .

122 Plots of the ln of the Reduction Wave Height and
Percent Remaining Life of the Reductive=Cyclic
Voltammetric Technique Versus Hours of Remaining
Lubricant Life at 392°F for the Fresh and Stressed
MIL-L-7808 Oils. 221

XX

e A A P R A AR A LS LN AL L L L S DA A LN OO AT O WO A OO OO O



LIST OF ILLUSTRATIONS (CONTINUED)

R A A __N_B

FIGURE PAGE

123 Cyclic (First Scan and Steady State) and
Reductive=Cyclic Voltammograms of a Candidate
MIL=-L=27502 0il in Acetone Using a GCE Electrode. 222

X F - X K _A_XK

124 Cyclic (First Scan) Voltammograms of the Fresh
E TEL-4004 Oil and the OP-232-1, OP-232-4, and
OP~232-6 MIL-L-7808 Oil Samples in Acetone Using
a GCE Electrode. 224

125 Cyeclic (First Scan) Voltammograms of the OP-232-7,
OP=-232~8, and OP-232-9 MIL=-L~7808 Oil Samples
in Acetone Using a GCE Electrode. 225

126 Cyclic (First Scan) Voltammograms of the OP-232-
10, OpP=-232-11, and OP-232-12 MIL-L-7808 Oil Samples
in Acetone Using a GCE Electrode, 226

127 Cyclic (First Scan) Voltammograms of the OP=232=-
26 and OP-232~29 MIL-L~7808 Oil Samples in
Acetone Using a GCE Electrode. 227

R Y B B - R W T B W

128 Cyclic (First Scan) Voltammograms of the OP=232-
33, 0OP~232-34, and OP-232-43 MIL-L-7808 Oil
Samples in Acetone Using a GCE Electrode. 228

129 Plots of the 1ln of the Reduction Wave Height and
Percent Remaining Life of the Reductive~Cyclic
Voltammetry Technique and the Fe Concentration
(ppm) Versus Hours Since O0il Change for the Used
Lubricating Oil Samples. 232

130 Plots of the 1ln of the Reduction Wave Height and
Percent Remaining Life of the Reductive-Cyclic
Voltammetry Technique and the Fe Concentration
(ppm) Versus Hours Since 0il Change for the Used
Lubricating 0il Samples. 233

-,

131 Plots of the 1ln of the Reduction Wave Height and
Percent Remaining Life of the Reductive-Cylcic

A S

v Voltammetry Technique and the Fe Concentration
(ppm) Versus Hours Since Oil Change for the Used
Lubricating Oil Samples. 234

: 132 Plots of the RCV wWave Height and COBRA Reading
Versus Stressing Time (347°F) for the DIL-1 Oil
Samples. 237

N X KR

KK1

TN PO A R R MO RO AU IO




%, ::'r ! LIST Of ILLUSTRATIONS (CONTINUED)
.
fadd
‘ FIGURE PAGE
o‘l;l
ALt
i 133 Plots of the RCV Wave Height and COBRA Reading
P Versus Stressing Time (347°F) for the DIL=2
ﬁﬁ 0il Samples. 238 X
I 134 Plots of the RCV Wave Height and COBRA Reading
oy Versus Stressing Time (347°F) for the DIL-3
R 0il Samples. 239
'l“.’l
! 135 Plots of the RCV Wave Height and COBRA Reading
Versus Stressing Time (347°F) for the DIL-4 0il
Cod Samples. 240
ey
ﬁ3 136 Plots of the ln of the RCV Wave Height Versus
e Stressing Time at 347°F and 370°F for the DIL=1
ot through DIL-4 Oil Samples. 243
o A-1 Plots of the COBRA Reading, Viscosity (40°C),
ﬁ# Total Acid Number (TAN), and Mg Concentrati .n
Y Versus Stressing Time at 370°F for the TEL~4001
49 MIL-L-7808 Oil. 249
'l!:.|
e A=2 Plots of the COBRA Reading, Viscosity (40°C),
gy Total Acid Number (TAN), and Mg Concentration
ol Versus Stressing Time at 370°F for the TEL-4002
ﬁg MIL-L-7808 Oil. 250
\:,‘l
by A-3 Plots of the COBRA Reading, Viscosity (40°C),
) Total Acid Number (TAN), and Mg Concentration
Laesy Versus Stressing Time at 370°F for the TEL-~4003
e MIL-L-7808 Oil. 251
\:\"o
-ﬁg A~4 Plots of the COBRA Reading, Viscosity (40°C),
N Total Acid Number (TAN), and Mg Concentration
7Y Versus Stressing Time at 370°F for the TEL=4004
G MIL-L-7808 Oil. 252
'l.gﬁﬂ
, %$ A-5 Plots of the COBRA Reading, Viscosity (40°C), .
2 Total Acid Number (TAN), and Mg Concentration
et Versus Stressing Time at 370°F for the TEL~4005
~ MIL-L-7808 Oil. 253 .
;ﬁ A-6 Plots of the COBRA Reading, Viscosity (40°C),
&$- Total Acid Number (TAN), and Mg Concentration
+ el Versus Stressing Time at 370°F for the TEL-4006
S, MIL-L-7808 Oil. 254
B
xxii

B o O N D TSR S MM o MMM b0 TS T T2 T I T T R T Lo S L 20



LIST OF ILLUSTRATIONS (CONTINUED)

FIGURE PAGE

A=-7 Plots of the COBRA Reading, Viscosity (40°C),
Total Acid Number (TAN), and Mg Concentration
Versus Stressing Time at 392°F for the TEL-4001
MIL-L=-7808 Oil. 258

A-8 Plots of the COBRA Reading, Viscosity (40°C),
Total Acid Number (TAN), and Mg Concentration
Versus Stressing Time at 392°F for the TEL-4002
MIL-L-7808 Oil. 259

A-9 Plots of the COBRA Reading, Viscosity (40°C),
Tocal Acid Number (TAN), and Mg Concentration
Versus Stressing Time at 392°F for the TEL-4003
MIL-L-7808 0il. 260

A-10 Plots of the COBRA Reading, Viscosity (40°C),
Total Acid Number (TAN), and Mg Concentration
Versus Stressing Time at 392°F for the TEL-4004
MIL-L-7808 0Oil. 261

A-11 Plots of the COBRA Reading, Viscosity (40°C),
Total Acid Number (TAN), and Mg Concentration
Versus Stressing Time at 392°F for the TEL=4005
MIL-L-7808 Oil. 262

A-12 Plots of the COBRA Reading, Viscosity (40°C),
Total Acid Number (TAN), and Mg Concentration
Versus Stressing Time at 392°F for the TEL-4006
MIL-L--7808 0il. 263

A-13 Plots of the COBRA Reading, Viscosity (40°C),
Total Acid Number (TAN), and Mg Concentration
Versus Stressing Time at 370°F for the TEL-5001
MIL~-L=-7808 0Oil. 266

A-14 Plots of the COBRA Reading, Viscosity (40°C),
Total Acid Number (TAN), and Mg Concentration
versus Stressing Time at 370°F for the TEL-~5002
MIL~L-7808 Oil. 267

A=15 Gas Chromatograms of the Fresh and Stressed
(16~263 Hours at 370°F) TEL-4004 MIL-L-7808 Oils. 269

A-16 Gas Chromatograms of the Fresh and Stressed
(19~137 Hours at 370°F) TEL-4001 MIL-L-7808 Oils. 271

A-17 Gas Chromatograms of the Fresh and Stressed (19~
354 Hours at 370°F) TEL-4006 MIL-L-7808 0ils. 272

xxiid




LIST OF ILLUSTRATIONS (CONTINUED)

FIGURE PAGE

A-18 Gas Chromatogram of the Fresh TEL-5002 MIL-L~
7808 0Oil. 273

A=-19 Gas Chromatogram of the Fresh TEL-5001 MIL~L~-
7808 Oil. 274

A-20 The Plots of the Percent (by Weight) of the
Antioxidants, PANA and DODPA, of the 1ln of the
Percent (by Weight) of DODPA, and of the Total
Acid Number (TAN) versus Stressing Time at 370°F
for the TEL-4002 MIL~L-7808 Oil. 276

A=21 Plots of Percent (by Weight) of Antioxidants,
PANA and DODPA, of the 1ln of the Percent (by
Weight) of DODPA, and of the Total Acid Number
(TAN) versus Stressing Time at 370°F for the
TEL=-4003 MIL~L~7808 Oil. 277

. A-22 Plots of Percent (by Weight) of Antioxidants,

, PANA and DODPA, of the ln of Percent (by Weight)

: of DODPA, and of the Total Acid Number (TAN)

versus Stressing Time at 370°F for the TEL-4004
MIL-L-7808 Oil. 278

A-23 Plots of Percent (by Weight) of Antioxidants,
PANA and DODPA, of the ln of Percent (by Weight)
of DODPA, and of the Total Acid Number (TAN) versus
Stressing Time at 370°F for the TEL-4005 MIL~L-
7808 Oil. 279

A-24 Plots of Percent (by Weight) of Antioxidants,
Octyl-PANA and DODPA, of the ln of Percent
(by Weight) of DODPA, and of the Total Acid Number
(TAN) versus Stressing Time at 370°F for the
TEL-4001 MIL-L-7808 0il. 281

A-25 Plots of Weight Fractions of Antioxidants, Octyl-
PANA, DODPA, and Unknown (Retention Time = 1.9
Minutes), and of the ln of Weight Fraction of
Unknown versus Stressing Time at 370°F for the .
TEL-4001 MIL-L-7808 0il, 283

_ ., AR W ENEYS PV WS

A-26 Plots of Percent (by Weight) of Antioxidants,
Octyl~PANA and DODPA, of the ln of Percent of
DODPA, of the Mg Concentration, and of the Total
Acid Number (TAN) versus Stressing Time at 370°F
for the TEL-4006 MIL-L-7808 0Oil. 284




LIST OF ILLUSTRATIONS (CONTINUED)

FIGURE PAGE

A-27 Plots of Weight Fractions of Antioxidants, Octyl-
PANA, DODPA, and Unknown (Retention Time = 5.0
Minutes), and of the ln of the Weight Fraction of
the Unknown versus Stressing Time at 370°F for the
TEL-4006 MIL-L~-7808 0il. 286

A-28 Plots of Percent (by Weight) of Antioxidants,
Phenothiazine and DODPA, of the 1ln of Percent
(by Weight) of DODPA, and of Total Acid Number
(TAN) versus Stressing Time at 370°F for the
TEL-5001 MIL-L-7808 Oil. 287

A-29 Plots of Percent (by Weight) of the Antioxidants,
Octyl=-PANA and DODPA, of the 1ln of Percent (by
Weight) of DODPA, and of Total Acid Number (TAN)
versus Stressing Time at 370°F for the TEL-5002
MIL-L-7808 Oil. 289

A=30 Plots off Percent (by Weight) of the Antioxidants,
PANA and DODPA, of the ln of the Percent (by i
Weight) of DODPA, and of the Total Acid Number X

(TAN) versus Stressing Time at 392°F for the
TEL-4002 MIL-L-7808 0Oil. 291

A-31 The Plots of the Percent (by Weight) of the
Antioxidants, PANA and DODPA, of the 1ln of the
Percent (by Weight) of DODPA, and of the Total
Acid Number (TAN) versus Streszing Time at 392°F
for the TEL-4003 MIL-L-7808 Oil. 292

A-32 Plots of Percent (by Weight) of Antioxidants,
PANA and DODPA, of the 1ln of Percent (by Weight)
of DODPA, and of the Total Acid Number (TAN)
versus Stressing Time at 392°F for the TEL-4004
MIL-L-7808 0Oil. 293

A-33 Plots of Percent (by Weight) of Antioxidants,
PANA and DODPA, of the 1ln of Percent (by Weight)
of DODPA, and of the Total Acid Number (TAN)
versus Stressing Time at 392°F for the TEL-4005
MIL-L-~7808 0il. 294

A~34 Plots of Percent (by Weight) of Antioxidants,
Octyl~PANA and DODPA, of the ln of Percent (by
Weight) of DODPA, and of the Total Acid Number
(TAN) versus Stressing Time at 392°F for the
TEL-4001 MIL~L-7808 Oil. 295

X

.

DG USRI WA A SO MDA YRR 0 A 4 00X S AR LA LA




FIGURE

A-35

A-36

A=37

LIST OF ILLUSTRATIONS (CONCLUDED)

Plots of Percent (by Weight) of Antioxidants,
Octyl=-PANA and DODPA, of the 1ln of Percent (by
Weight) of DODPA, and of the Total Acid Number
(TAN) versus Stressing Time at 392°F for the
TEL-4006 MI1-L-7808 Oil.

Plots of Weight Fraction of Unknown (Retention
Time = 1.9 Minutes) and of the 1ln of Weight
Fraction of Unknown versus Stressing Time at
392°F for the TEL-4001 MIL-L-7808 Oil.

Plots of Weight Fraction of Unknown (Retention
Time = 5.0 Minutes) and of the 1ln of the Weight
Fraction of the Unknown versus Stressing Time at
392°F for the TEL-4006 MIL-L-7808 Oil.

Viscosity versus Stressing Time (175°C) Plot for
the TEL~4005 0Oil.

Computer Program Used to Acquire Data and
Calculate the Remaining Lubricant Life on the
Apple IIe Microcomputer.

PAGE

296

297

298

306

314




LIST OF TABLES

TABLE PAGE
1 CRITERIA FOR REMAINING LUBRICANT LIFE
ASSESSMENT TEST CANDIDATES 5
2 SUMMARY OF IDENTIFIED ANALYTICAL TECHNIQUES 6
3 EFFECT OF FORMULATION ON VI/V PRODUCED BY
‘ 10 AND 1000 HZ INPUTS 104
4 COMPARISON OF CANDIDATES' POTENTIALS FOR
DEVELOPMENT INTO LUBRICANT LIFE ASSESSMENT TESTS 110
5 STABLE LIVES (370°F) AND ANTIOXIDANT
CONCENTRATIONS OF MIL-L~7808 OILS 112
6 OIL STABILITY OF TEL-400)1 MIL-L-7808 OIL 163
7 OIL STABILITY OF TEL-4002 MIL~L=-7808 OIL 164
8 OIL STABILITY OF TEL=-4003 MIL-L-7808 OIL 165
9 OIL STABILITY OF TEL-4004 MIL-L-7808 OIL 166
10 OIL STABILITY OF TEL-4005 MIL-L-7808 OIL 167
11 OIL STABILITY OF TEL-~4006 MIL-L~7808 OIL 168
12 SUMMARY OF SP=-DSC AND HP=-DSC TECHNIQUES 202
13 SUMMARY OF REMAINING LUBRICANT LIFE ASSESSMENT
TEST CANDIDATES 218
14 REDUCTIVE-CYCLIC VOLTAMMETRIC RESULTS FOR
MIL-L-7808 OILS 230
A-1 BREAKPOINTS OF PHYSICAL PROPERTY VERSUS STRESSING
TIME PLOTS FOR 370°F 256
A=-2 BREAKPOINTS OF PHYSICAL PROPERTY VERSUS STRESSING
TIME PLOTS FOR 392°F 264
) B=1 IODINE LIBERATION METHODS I, II AND III 310
wxvii

MR AARARL R RN NA R AL
P X L S N AR Y

t’.“ );’l - .‘ "i

JREPSTASVE 3"t L LT AR SRR

A AR B MO X X N MRS O ML OO AR Y
RO R A TR NI O XN OO




ABBREVIATIONS AND SYMBOLS

T ABBREVIATIONS
‘-'."'.'L
.Q: AFWAL/POSL Air Force Wright Aeronautical Labs, Aero
e Propulsion Laboratory
{
AIBN Azobisisobutyronitrile-Free Radical
by Initiat
2‘::5: nitiator
il AUE Gold Working Electrode
"‘5:'.
0
B BDN Bis[4-(dimethylamino) dithiobenzil)
Nickel Complex=Laser Dye
|ﬁg COBRA Complete 0il Breakdown Rate Analyzer
[ ,.‘7_:
ﬁwj cv Cyclic Voltammetry
"
i DODPA Dioctyldiphenyl Amine
;ﬁé DsC Differential Scanning Calorimetry
Sl
%ﬁ: F Failure 0Oil Sample
l-tl'lltl
.‘t"\
GCE Glassy Carbon Working Electrode
0t
o H Hit Oil Sample
el
$$, Hg-AUE Mercury Film on Gold Working Electrode
"‘",a“:
) HP-DSC High Pressure-~Differential Scanning
. Calorimetry
4 "0‘
ﬁﬁ&, 1n Natural Logarithm
Sl
e log Logarithm
18 &
*&5 octyl-PANA N-(p-octylphenyl)=-a-naphthyl Amine
gy
#kg PANA N-phenyl-e-naphthyl Amine .
R
:J‘g ()
M PTE Platinum Working Electrode
&%? RCV ' Reductive-Cyclic Voltammetry
A
gﬂg RLL Remaining Lubricant Life
c'::m '
fg: RLLAT Remaining Lubricant Life Assessment Test
Ry RLLAT=-RCV Remaining Lubricant Life Assessment Test |
AN
Q?&, Based on Reductive=Cyclic Voltammetry
X i."'l
%&é SOAP Spectrometric Oil Analysis Program
AN xxviii
&

PR Pl e s

Dl L2 Lo I\"g.,“ ‘a;' e 1.11‘541";.’! b‘, 4
[ L VL L P | I

ARG OAONGA ) B M OOUIUOLOAUONUOUE
oo T T R RO




o X

o

P
L2
..L(..

ABBREVIATIONS AND SYMBOLS {CONTINUED)

SP-DSC

TAN
TEAP
THF
UDRI

v /v

CHEMICAL SYMBOLS

Ag
AgCl
Fe
RMnO
KOH
LiClo,
Mg

N

P

QUANTITY SYMBCLS

°C
cc
cs
°F

g

Sealed Pan=Differential Scanning
Calorinmetry

Total Acid Number

Tetraethylammonium Perchlorate
Tetrahydrofuran

Universitf of Dayton Research Institutg
Voltage Drop Across Resistor/Voltage

Drop Acrnss the Sample Cell of UDRI
Electrical Property Measuring System

Silver

Silver Chloride

Iron

Potausium Permanganate
Potassium Hydroxide
Lithium Perchlorate
Magnes jium

Nitrogen

Phosphorous

Degree Celsius
Cubic Centimeter
Centistokes
Degree Fahrenheit

Gram

XXix

e P4t PP - 4 P A S A SR GO Sl P AP A QA TR B M R T T R LR ORI TR A M A e Se e R R o LI T LY




hr
Hz

. ml
mv
nm
ppm
psi
sec
A
ul

ABBREVIATIONS AND SYMBOLS (CONCLUDED)

Hour

Herti

Milliliter
Millivolﬁ
Nanometer

Parts Per Million
Pounds per Square Inch
Second

Microamp
Microliter

Volt

XXX

bt I oo i Mo b e, A i Ak



SECTION I
INTRODUCTION

While lubricating and cooling the oil-wetted components of
the turbine engine, the lubricating oil experiences various
environmental stresses which cause the oil's basestock to undergo
thermal and oxidative degradation. As long as the lubricant is
adequately protected by an antloxidant system, the oxidative
degradation of the oil's basestock and the changes in the
lubricating oil's properties are minimal. Since the antioxidants
are depleted with engine operating time, they eventually become
ineffective allowing large changes to occur in the physical
properties of the lubricant. The large changes in the physical
properties of the lubricant signify the end of its stable life
and result in excessive oll degradation, coking, component wear
and eventual failure of the engine. The length of engine operat-
ing time from the time a lubricant is sampled until the end of
1cs stable life is referred to as "Remaining Lubricant Life."

To ensure that a lubricant is not used past the end of its
stable life, the Air Force uses scheduled oll changes. Because
the scheduled oil changes are inherently conservative, lubricants
with remaining lubricant lives are discarded. Therefore, the
ability to assess the remaining lubricant life of an oil sample
would eliminate the need for scheduled oil changes providing
savings in material and labor costs to the Air Force.

However, the only te.ts currently available to the Air Force
for assessing remaining lubricant life are long term stability
tests. The analytical techniques used to detect changes in the
physical properties (viscosity, total acid number, volatility,
etc.) of a lubricant during the long term stability tests are
incapable of assessing remaining lubricant life.

Therefore, research was conducted to develop a remaining
lubricant life assessment test suitable for use by the Air Force.
The work reported herein was performed in three tasks. 1In the
first task, analytical techniques capable of performing remaining
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lubricant life assessments were identified, optimized, and
initially evaluated. In the second task, the best analytical
techniques were developed into remaining lubricant life assess~-
ment test candidates. Performance criteria were then used to
evaluate the suitability of each test candidate for use by the
Air Force. In the third task, the selected candidate was
developed into a remaining lubricant life assessment test.

The results and discussion of the remaining lubricant life
assessment test candidates are presented in Section II, while
Section III discusses the conclusions and recommendations derived
from the research conducted. The preparation and characteriza-
tion of the stressed MIL-L-7808 oils used in the development of
the remaining lubricant 1ife assessment test candidates are
discussed in Appendix A. The equipment and procedures used to
develop the remaining lubricant life assessment test candidates
are discussed in Appendix B.




SECTION II
RESULTS AND DISCUSSION

l. TASK 1. IDENTIFICATION OF REMAINING LUBRICANT LIFE
ASSESSMENT TEST CANDIDATES

a. Introduction

The objective of Task 1 was to identify, optimize, and
initially evaluate analytical techniques capable of assessing the
remaining lubricant lives (RLL) of MIL-L=7808 lubricating oils.
The RLL of a MIL-L-7808 oil is dependent upon the amount of
antioxidant capacity remaining in the oll sample to inhibit the
autoxidation of the oil's ester basestock (RH) which occurs by
the following reaction scheme:

RH + 0, —* R + HO,- (1)

‘ Re + 02 —» ROO- (2)
ROO+ + RH =~—» ROOH + Re (3)
ROOH —» RO« + +OH (4)

The primary inhibition reactions of the antioxidant systems (AH)
used in MIL-L-7808 olls are the following reactions:

Direct Oxidation [Inhibits Reaction (1)]

AH + 02——bA-+ H02~ {5)
Free Radical Trap (Inhibits Reaction (3)]
AH + ROOw—» ROOH + A (6)
Recombination [Inhibits Reaction (3)]
A+ + ROO—» molecular species (7)
Hydroperoxide Decomposer [Inhibits Reaction (4)]
AH + ROOH - molecular species (8)

Due to the variety of inhibition reactions, the litera-
ture search was used to identify a wide range of analytical
procedures with RLL assessing capabilities. The analytical
procedures identified during the literature search can be
cateqorized into two main groups. The first group contains
analytical techniques which determine the concentration of each
antioxidant specles present in the oil sample. The antioxidant
concentrations ave then used to calculate the RLL value.




The second group contains analytical techniques which
directly determine the amcunt of antioxidant capacity remaining
in the sa:.'e to inhibit . aarsticular autoxidation reaction
(Reactions - 4) of the ester rssestock. Thus the success of each
analytical technique in the second group is dependent upon the
importance of the corresponding inhivition reaction (Reactions 5= '
8) to the RLL of the uil sample.

Once an analytical technique was identified, it was
evaluated using the criteria summarized in Table 1. If the
identified procedure could be modified to use a sample size less
than 5 cc and an analysis time less than 10 minutes, the tech-
nique's RLL asgsessing capabilities were studied. Ester
basestocks (uninhibited), fresh MIL=-L-7808 lubricating oils
(obtained from AFWAL/POSL), a set of laboratory stressed oil
samples produced from a MIL-L-7808 oil, and authentic used MIL-L-
7808 oil samples were used to optimize and evaluate the
identified analytical procedures' RLL assessing capabilities.

A summary of the analytical procedures that were iden=
tified and initially evaluated in Task 1 is presented in
Table 2. The analytical techriiques are listed in the order of
their ranking as remaining lubricant life assessment test (RLLAT)
candidates.

The studies used to optimize and evaluate the potentials
of the various analytical procedures for development into RLLAT
candidates are described herein. The analytical procedures are
discussed in the same order as in Table 2.

b. Voltammetric Techniques
(1) Introduction

Electroanalytical methods based on current-voltage-
time relationships at micro-electrodes are referred to as
voltammetry. Usually the potential is varied linearly with time
and the current is recorded as a function of the potential. When
the starting and ending potentials are identical and the poten-
tial waveform is triangular (Figure la), the experiment is
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Figure 1. Typical Triangular Waveform (a) Used by Cyclic Voltammetry
and a Typical Current-Potential Curve (Voltammogram) (b)
Produced by Cyclic Voltammetry (Reproduced from Reference
1). E = Potential and i = Current.
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,ES.E:, usually called cyclic voltammetry and a voltammograph of the type
;h?» shown in Figure 1b is produced.

kﬁﬁ Initially (Point A in Figure 1b), the rate of the
€$ﬁ electrochemical reaction is so slow that virtually no current

Hﬁﬂ flows through the cell. As the voltage is increased (Point 1 to
T\ﬁ ! Point 2 in Figure la), the electroactive species at the micro-
?ﬁ& electrode's surface begin to oxidize producing the anodic rise
%ﬁ: ' (Point B in Figure 1lb) in the current. As the potential in-

Eﬁa creases further, the decrease in the electroactive species’

B concentration at the electrode surface ard the exponential in-
Q{ﬁ crease of the oxidation rate lead to a maximum (Point C in

ﬁé% Figure lb) in the current-potential curve. The current tben

;$§ decreases to the diffusion-limited anodic current value (Point D
zi in Figure 1lb). The produced peak is referred to as the oxidation
ﬁ;, wave. The direction of applied voltage is then reversed (Point F
-fé% in Figure lb) and becomes more cathodic with time (Point 2 to

f*; Point 3 in Figure la). When the voltage becomes sufficiently

f'n cathodic, the oxidized species at the surface of the micro-

Q$§ electrode begin to reduce producing the cathodic rise (Point G in
g&a Figure 1lb) in the current. Again a maximum current is obtained
ﬁﬁg (Point H in Figure lb), and the current decreases with decreasing
fj potential until the cycle is completed or a new cycle is in-

%&ﬁ itiated (Point I in Figure lb). The produced peak is referred to
%& as the reduction wave.

iﬁh Although c¢yclic voltammetry has been used exten—
'&? sively in the analysis of secondary aromatic amines
“;ﬁi (Reference 1), it has not been used to analyze the aromatic amine
1 s , antioxidants of MIL-L~-7808 lubricating oils. However, cyclic
'.qﬁ voltammetry was identified as a possible RLLAT candidate because
.}ﬁﬁ ' it requires sample sizes less than 1 cc, is simple to operate,
ﬁﬁ@ requires less than 20 seconds to perform an analysis, and re~
uﬁ$§‘ quires very inexpensive instrumentation (less than $900).

m@? To obtain preliminary data on cyclic voltammetry,
:-.;5' samples of fresh TEL-4005 oil, its ester basestock, and a used
;}%‘ MIL-1-7808 oil were sent to Bioanalytical Systems for analysis.
o, i
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The cyclic voltammograms of the basestock and fresh MIIL-L-7808
oil and of the fresh MIL-L-7808 oil and used MIL-L-7808 oil
sample are shown in Figures 2 and 3, respectively.

As seen in Figure 2, the basestock (A) produces no
discernible peaks, while the fresh MIL-L-7808 oil (B) produces a
large oxidation wave (1) and two smaller reduction waves (2) and '
(3). Also, the sizes of the oxidation and reduction waves of the
cyclic voltammograms decrease with engine operating time
(Figure 3). Therefore, the observed peaks were assigned to the
oxidation, then reduction, of the antioxidants present in the

MIL-L-7808 oils. Consequently, cyclic voltammetry was deemed
capable of RLL analyses.

Therefore, the effects of different experimental
parameters on the capability of cyclic voltammetry to assess RLL
by quantifying the antioxidants in MIL-L-7808 oils and by alter-
native methods were studied. The experimental parameters studied
during this investigation included solvent type, working
electrode type, electrolyte type, scan rate, multiple scans,
additive interferences, formulation dependency, and oxidation
product interferences. The effects of organic bases and free
radical initiators on the cyclic voltammograms of fresh and
laboratory stressed MIL-L-7808 oils were also studied.

(2) Effect of Solvent Type

In the preliminary work performed by Bioanalytical
Services, acetonitrile was used as the solvent and tetraethyl-
ammonium perchlorate (TEAP) was used as the electrolyte.
Although acetonitrile is commonly used in cyclic voltammetry, it
is fairly toxic and can be absorbed through the skin. Therefore,
a study was performed to find a more suitable, less toxic, sol-
vent system for use in the cyclic voltammetry technique. The
solvents acetonitrile, acetone, ethanol, methanol, and propvlene
carbonats were used as received. A 200 1 sample of TEL-4005
MIL-L-7808 lubricating oil was added to 10 ml of solvent for this
study. A platinum working electrode in combination with a

10
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platinum wire auxiliary electrode and a Aq/AgCl reference
electrode were used to produce the voltammograms. A rate of
250 mV/sec was used to scan the voltage range of =9.1 to +1.9
volts. Therefore one complete scan (=0.1 V to +1.9 V then back
to 0.1 V) took approximately 16 seconds to complete.

The TEAP electrolyte was soluble enough to produce
a concentration of 0.1 M in all of the solvents except ethanol.
The TEAP electrclyte did not have sufficient solubility in
ethanol to produce a voltammogram, and consequently, ethanol was
not studied.

The voltammograms produced in acetonitrile for the
solvent and the 100 and 200 pl samples of the TEL-4005 oil are
shown in Figure 4. The oxidatinn wave (A in Figure 4) isa
produced by the oxidation of the antioxidants while the reduction
waves (B and C in Figure 4) are produced by the reduction of the
oxidized products of the antioxidants.

In Figures 5 and 6 the voltiammograms produced in
propylene carbonate and methanol for the solvent and the 200 ul
sample of the TEL-4C05 oil are shown. Even though propylene
carbonate is8 a commonly used solvent in cyclic voltammetry, the
oxidation wave (A in Figure 5) is very weak compared to the wave
obtained using acetonitrile (Figure 4) and the reduction waves
are not observed. As illustrated in Figure 6, the voltammogram
for the oil sample in methanol does not contain any peaks that
can be assignad to the antioxidants. |

Figure 7 shows the voltammograms produced in
acetone for the solvent and the 200 1 sample of the TEL-4005
oil. The oxidation wave (A in Figure 7) is much stronger in
acetnne than in acetonitrile (Figure 4). The reduction waves (B
and C in Figure 7) are also observed.

€ince acetone is a very common solvent, less expen=
sive than acetonitrile, and basically nontoxic, acetone was used
for the rest of the following work.
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¢.1 volt

Voltammograms of 100 and 2080 ul Samples of the Fresh TEL-4005 O{il

in Acetonitrile with a Platinum Working ‘Electrade.

Figure 4.
r
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(3) Effect of Working Electrode

In order to determine the best working electrode
fér use in acetone, carbon paste, glassy carbon, platinum and
gold working electrodes were studied. A scan rate of 250 mV/sec
was used but the voltage range was reduced to =0.3 V to +1.4 V in
crder to eliminate the peaks produced by the TEAP electrolyte (D
in Figure 7).

The carbon paste electrode disintegrated in the
acetone before a single scan could be completed. The voltam-
mograms produced by the glassy carbon, gold, and platinum
voltammetry electrodes are shown in Figirre 8. As illustrated in
Figure 8, the glassy carbon electrode produces the best resolved
reduction waves (B) and (C) and produces the largest oxidation
wave (A).

The glassy carbon electrode is ideally suited for
routine determinations due to its high mechanical stability and
the simple polishing procedure required to clean the surface of
the electrode. The polishing procedure requires only a couple
minutes to complete. Therefore, the glassy carbon electrode was
used for the following work.

(4) Effect of Electrolyte

In an attempt to further decrease the cost per
sample of the cyclic voltammetry technique, LiClO4 was studied as
an electrolyte. Besides its lower cost, LiClO4 can be obtained
in anhydrous form, is very soluble in acetone (137 ¢g/100 g of
acetone) and has a lower molecular weight than TEAP so that less
LiClO4 is needed to produce a 0.1 M solution. The results for .
0.1 M solutions of LiClO4 and TEAP in acetone were identical.
Therefore, LiClo4 was used as the electrolyte for the following

work.
(5) Effect of Scan Rate

To determine the effect of the scan rate, voltam-
mograms were produced using scan rates of 750, 500, and

18
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250 mV/sec. As illustrated in Figure 9, the oxidation wave (A)
increases in intensity and shifts to a higher potential as the
scan rate is increased. The optimum resolution of the reduction
waves (B and C in Figure 9) are obtained with a scan rate of

500 mV/sec. At the higher scan rate of 750 mV/sec, the reduction
waves (B and C in Fiqure 9) are greater in intensity but are
broader and less defined. Also, the background increases with
the scan rate. Thus, a scan rate of 500 mV/sec was used for the
following research.

(6) Effect of Additives

To determine if additives other than the an-
tioxidants are contributing to the voltammograms of the MIL-L-
7808 lubricating oils, the voltammograms of quinizarin
(anticorrosion), tricresylphosphate (TCP) (antiwear), and TCP's
degradation products (o- and p-cresol) were compared to the
voltammogram of the blank. None of the compounds studied
produced oxidatlon or reduction waves in the range of =0.3 V to
1.4 V.

(7) Effect of Formulation

To determine the effects of formulation on the
antioxidant determinations by cyclic voltammetry, the voltam-
mograms for the six different MIL-L-7808 lubricating oils, TEL-
4001 through TEL-4006 oils (obtained from AFWAL/POSL), were
recorded and are shown in Figures 10 and 11l. The voltammograms
are displayed using a scale of 0,2 V/inch instead of 0.1 V/inch
8o that they could be combined into two figures, instead of six
separate ones, to facilitate comparison.

As illustrated in Figures 10 and 11, all six MIL-L~
7808 oils appear to contain similar antioxidants (waves occur at
similar potentials), but only the TEL-4002 and TEL=-4004 oils
contain similar ratios of antioxidants (voltammograms of similar
shape). Of the lubricating oils studied, the TEL-4001 oil ap-
pears to have the lowest concentration of antioxidants (smallest

20
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A
o
gﬁg waves) while TEL-4002 cil appears to have the highest concentra-
S tion (largest waves).
fﬁg; (8) Calibration Curves of Antioxidants in
:::3 MIL-L~-7808 Oil
_%? In order that calibration curves could be produced
Y for the antioxidants in a MIL-L-~7808 o0il, a gas chromatographic '
-§§ﬁ analysis using a thermionic specific detector [sensitive only to
T&Q* compounds containing N (antioxidants) and P} was performed on \
Eﬁﬁ TEL~4005 oil. It was determined that the antioxidants used in
TEL-4005 o0il are N-phenyl- a=-naphthylamine (PANA) and dioctyl-
?gg diphenyl amine (DODPA).
:E:E: To quantify the DODPA and PANA in the TEL-4005 MIL-
gﬁé L-7808 oil, cyclic voltammograms were produced for sequential
< additions of 20 and 40 pl of 1% solutions of DODPA and PANA to
§§§ 10 ml1 of acetone (Figure 12). The calibration curves produced by
.&§1 this procedure are shown in Figure 13 for both the oxidation and
?&ﬁ reduction waves of PANA and DODPA. Since the cyclic voltammetric
;T‘ responses are dependent on concentration (molarity) and an-
éﬁ% tioxidant corncentrations are usually given in percent weight, the
_35& responses were plotted versus both concentration and percent
‘gé weight of antioxidant.
Eéf As illustrated in Figure 13, the oxidation waves
gﬁg are twice as sensitive to PANA 2s to DODPA, but the reduction
Eﬁg waves of PANA and DODPA are of similar sensitivities.
.fﬁ Due to the different sensitivites of the oxidation
jﬂﬁ waves to DODPA and PANA, their ratio must be known before a total
?ﬁ;l concentration of antioxidant can be determined. For instance, in
-;&; Figure 11 the TEL-4005 oil appears to contain much less total
2 antioxidant than the TEL=-4004 oil, but if the ratio of DCDPA/PANA
ﬁﬁﬁ is greater for the TEL-4005 oil than for the TEL-4004 oil, they
;Qﬁ may have similar total concentrations of antioxidants.
:gﬁg Thus, it appears that the reduction waves of the
;{ cyclic voltammograss are betiter suited for quantifying the an-
gkﬁ tioxidants in the MIL~L-7808 oils. The reaponse of the reduction
;ﬂk waves is similar for PANA and DODFA (Figure 13) and two reduction
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Effect of Successive Additions of 1Z DODPA and PANA Solutions on the Voltammograms

Produced by a Glassy Carbon Working Electrode in Acetone.
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waves are produced by TEL-4005 oil, presumably for DODPA and PANA
(Figure 2) (DODPA and PANA produce one combined oxidation wave).
(9) Effect of Successive Scans on Voltammograms of

MIL-~L-7808 Oils

To determine the effacts of electrochemical oxida-
tion on the voltammograms of the different MIL-L-7808 oils, the
voltammograms produced by successive scans were studied. By
studying the voltammograms of successive scans, new compounds
produced by the electrochemical oxidation of the antioxidants
could be observed. The cyclic voltammograms produced by the

first and fifth scans for each MIL-L=-7808 o0il are shown in
Figures 14-16.

As seen in Figures 14~16, the oxidation wave (A) at
800 mV of each oil is decreased for the fifth scan in comparison
to the first scan. However, the reduction waves of each oil
increase for the fifth scan as compared to the first scan. 1In
addition to the oxidation wave at 800 mV seen in the voltammogram
of the first scan, new oxidation waves between 550 and 800 mV (B
in Figures 14-16) are present in the voltammogram of the fifth
scan. New oxidation waves, similar to those seen in Figures 14~
16, were also presen: in the fifth scan voltummogréms of
different PANA/DODPA mixtures (Figure 17).

Therefore, regardless of the MIL-L=7808 oil's
formulation, new compounds, which oxidize between 550«800 mV, are
produced by the electrochomical oxidation of the antioxidants.

(10) Effect of Oxidation Products

It has been determined by high pressure differen-
tial scanning calorimetry (Reference 2) that, with equal

;44 . concentrations of original antioxidants, oxidized oil has a

gﬁvf longer induction period than fresh oil. It has also been

ﬁ%% reported (Reference 3) that the reaction mixture produced by

ﬁﬂ' chemically or thermally oxidizing PANA has more antioxidant

wiw capability than the original PANA, Therefore, to determine if
:ﬁﬁi cyclic voltammetry was able to Jdetect the antioxidants' reaction
:%ﬁ products which increase the stability of oxidized oil samples,

27
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First and Fifth Scan Voltammograms of the Fresh TEL~4001 and TEL-4002

Acetone with a Glassy Carboa Working Electrode.

Figure 14.
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TEL-4005 oil heated at 175°C with a flow rate of 10 1/hr was

sampled every 16~24 hours to produce samples of increasingly

oxidized oil. Each oil was then analyzed by single scan and

multiscan cyclic voltammetry. The first scan voltammograms of

the fresh and stressed TEL~4005 oil samples are shown in Figure

18, N

As seen in Figure 18, the oxidation wave produced
by PANA and DODPA (A) decreases with stressing time, especially
during the first 72 hours. The reduction waves also decrease but
go through a complex series of changes.

As expected, the stressed (thermal oxidation) TEL=
4005 oil samples contain species that are similar to those
produced by electrochemical oxidation, i.e., oxidation waves at
550=-800 mV in the voltammograms of the stressed oil samples
(Figure 18) and in the fifth scan voltammograms of the fresh oils
(Figures 14-16).

During the thermal oxidative stressing, the oxida-
tion waves at 550~800 mV increase during the first 72 hours, stay
constant for the next 72 hours, and then decrease in size with
additional astressing time. Thus, the production rate of the new
speclies decreases with increasing stressing time relative to the
consumption rate of the new species. Thus, the ability of multi-
scan cyclic voltammetry to produce the new species should
decrease as the thermal oxidative stressing time of the oil
sample increases. To verify this idea, first and £ifth scan
voltammcgrams were produced for the stressed TEL-4005 oil samples
and are shown in Figures 19-22,

As secn in Figures 19-22, the broad oxidation waves
produced at 550-800 mV by the fifth scan decrease with increasing
stressing time relative to the oxidation waves produced by the
first scan.

Therefore, by comparing the 550-800 mV oxidation
waves of the first and fifth scans of used oil samples, it may be

32
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possible to relate the increase or decrease in the oxidation wave
at 550-800 mV to the RLi, of a MIL-L-7808 oil.
(11) Effert of Organic Peroxides on the Voltammograms

of the MIL-L-7808 Lubricating Oils

In an attempt to combine chemical stressing with
cyclic voltammetry for the development of a RLLAT candidate,
organic psroxides (benzoyl peroxide and dicumene peroxide) and a
free radical initiator, azobisisobutyronitrile (AIBN) were added
to the diluted oil sample prior to cyclic voltammetric analysis.
The cyclic voltammecgrams of the MIL-L-7808 oils (200 ul) diluted
with 10 ml of acetone (0.1M LiClo4) were obtzined at a scan rate
of 500 mV/sec using a GCE as the working electrode.

The addition of dicumene peroxide or the free
radical initiatox, AIBN, did not affect the cyclic voltawmcgrams
of the MIL-L-7808 oils. However, the addition of benzoyl
peroxide to the TEL-4005 oil produced a new oxidation peak (2 in
Figure 23) at 780 mV which is not reproduced during the second
3can. The TEL-4002 through TEL-4004 oils gave similar results in
the presence of benzoyl peroxide. However the cyclic voltam-
mogram of the TEL-4006 oil was not affected by the addition of
benzoyl peroxide and the cyclic voltammogram cf the TEL-4001 oi)
(Figure 24) showed a different response to the presence of ben-
zoyl peroxide than did the TEL=-4002 through TEL-4005 oils.

Therefore, these particular chewical stressing
cyclic voltammetric methods were eliminated as possible RLLAT
candidates.

(12) Effect of Pyridine on the Voltammograms of the MIL-

L-7808 Lubricating 0ils

It has been reportusd that pyridine (Reference 4)
and other organic bases (Reference 5) react with the
electrochemical oxidation products of aromatic amines. The
mechanism by which organic hasey (:B) are thought to alter the
oxidaticn products of aromatic amines (A12NH) is as follows:

RY-T) +.
Ar ,NH s [AerH] (9)

—_— o x m -
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+. [il +

2[Ar,NH] " "——> Ar-N- -ghr + H (10)
+. , N J .

2[Ar,NH]"' + 2:B ———» Ar,N=-NAr, + 2H1B (11

To study the effects of pyridine, voléamm¢grams of
v the TEL-4005 oil were recorded after each 10 yul addition of a 5
percent pyridine in acetone solution. As saen in Pigure 25, the
first 10 yul addition has a small effect on the voltammogram of
the TEL-4005 oil. However, the second and third 10 ul additions
of pyridine cause the oxidation wave (Figure 25) to shift to a
lower oxidation potential and eliminate the reduction waves
between 500 and 800 mV. In addition to ths effects on the
original oxidation and reduction waves produced by the TEL-4005
oil, a new reduction wave at 290 mV is producéd (Figure 25).

To determine the effect of pyridine on the voltam-
mograms of all the MIL-L-7808 lubricaﬁing oils, 30 ul of the &
percent pyridine in acetone solution was added tv'ioo ul of each
oil dissolved in 10 ml of acetone (0.1M LiCLO,). The voltam=
mograms of the different lubricating olls before and after the
addition of the pyridine are shown in Figures 26-28. As seen in
Figures 26-28 every oil produces a reduction wave batween 200-300
mV in the presence of pyridine.

Therefore, the voltammograms of the stressed TEL~
4005 oil samples were recorded after the addition of 30 pl of the
5 percent pyridine in acetone solutlon. The voltage scan was
limited to 0.7 V to 0.0 V to eliminate the large oxidation wave
at 800 mV. The reduced scan allows the small oxidation wave at
630 mV and the reduction wave between 200-~300 mV to be the major
peaks of the voltammogram so that the changes in their respective
intensities can be detected more accurately. The voltammogram of
TEL-4005 o0il in the absencae of pyridine was used as the blank
signal. An example of the voltammograma produced in this manner
are shown in Figure 29.

The plots of the 630 mV oridation wave's and the
280 mV reduction wave's intensities versus stressing time shown
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in Acetone Using a Glassy Carbon Working Electrode.

Effect of the 5% Pyridine in Acetone Solution on the Voltammograms of the Fresh TEL-4001

and TEL-40G2 Oils

Figure 26.
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Effect of the 5% Pyridine in Acetone Solution on the Voltammograms of the Fresh TEL-4003

and TEL-4004 Oils in Acetone Using a Glassy Carbon Working Electrode.

Figure 27.
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1st Scan

e Blank (Fresh 01il)

L ] 4th Scan

16 Hr.
Reduced Scan Voltammograms of the 16 and 24 Hours Stressed TEL-4005 Oils in the

Presence of Pyridine Using a Glassy Carbon Working Electrode.

Figure 29.
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in Figure 30 are smooth curves up to the end of the stable life
of the TEL-4005 oil [96 hours determined from the breakpoint of
the viscosity versus stressing time plot (Appendix (B)]) and
should be suitable for curve fitting techniques. The results of
the first and steady state scan (fourth or higher) for each wave
are similar.

(13) Summary of the Voltammetric Techniques

The voltammetric techniques developed during the
initial study require less than 200 ul of sample, require less
than 30 seconds to perform (sample preparation and analysis), and
are easy and inexpensive to operate. The results of the voltam=-
metric techniques can be used to quantify the antioxidants in
MIL-L-7808 oils and to detect the antioxidants' reaction products
in thermally-oxidized MIL-L=7808 oil samples. The results of the
voltammetric techniques involving the antioxidants' reaction
products in the presence of pyridine (Figure 30) appear to be
directly related to the RLL of the fresh and stressed TEL-4005
olils.,

- -

25
Y at

D"'
. D'

Therefore, the initial study of the voltammetric
techniques indicated that the voltammetric techniques were well
suited for development into a RLLAT candidate.

¢, Thermal Stressing Techniques
(1) Introduction

In complete contrast to the voltammetric tech=-
niques, numerous analytical procedures based on thermal stressing
technigues have been reported (References 6-17) which are capable
‘of assessing the RLL of lubricating oils. The thermal stressing
techniques use thermal-oxidative stressing to deplete the an=-
tioxidants (Reaction 5) present in the lubricating oil. Once the
antioxidants become ineffective, the basestock of the lubricating
oil rapidly degrades (Reactions 1=-4). The different thermal
stressing techniques then use various methods to detect the
"onset time" (isothermal conditions) or "onset temperature"
(ramped temperature conditions) at which the rapid degradation of
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the basestock begins. The onset time or temperature is then used
to assess the RLL of the oil sample.

Cf the various methods that have been used to
detect the rapid degradation of the basestock, e.g.,
chemiluminescence (Refersence 6), gas evolution rate {(References 7
and 8), weight loss (Reference 9), oxygen uptake (Reference 10),
and molecular weight distribution (Reference ll), the methods
which detect changes in the sample's temperature, differential
thermal analysis, or measure the amount of heat generated or
absorbed by the sample, differential scanning calorimetry (DSC),
have been used to assess the RLL of MIL~L~7808 type oils. It has
been reported (Reference 16) that the use of high pressure (>100
psi) inside the DSC cell's analysjis chamber was required to
reduce formulation effects and evaporation of the MIL-L-7808
oils. The use of high oxygen pressure also increases the peak
size and onset definition of the DSC signal.

Although high pressure-DSC (HP=-DSC) has been used
to assess the RLL of lubricating oils, the onset times of the HP-
DSC analyses for fresh and slightly stressed oils were over 30
minutes. Since one of the RLLAT criteria (Table 1) is an
analysis time of less than 10 minutes, the experimental condi-
tions of the reported HP-DSC studies (References 12-~17) had to be
modified.

Therefore, an investigation was performed to deter-
mine the HP-DSC experimental conditions that result in onset
times of 10 minutes or less. The experimental conditions of
sample size and analysis temperature were evaluated using an
uninhibited estor basestock and fresh and authentic used MIL-L=-
7808 oils.

(2) Effect of Sample Size

The sample size experiments were run using heating
rates of 10°C/min., an oxygen pressure of 500 psi and sample
sizes of 1 and 5 pl of fresh TEL-4005 oil. As shown in
Figure 31, the onset time (exotherm) of the sample size of 5 ul
was approximately 22 minutes and the oxidation reaction was
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complete after 28 minutes. Figure 32 shows that the onset time
was reduced to less than 16 minutes by reducing the sample size
to 1l ul. Thus, 1 ul samples were used for the temperature
study.

(3) Effect of Analysis Temperature

In the HP~DSC analysis of MIL-L-7808 type olils
(Reforence 17), an analysis temperature of 250°C resulted in
onset times of approximately 30 minutes for fresh oils. Also the
onset time of 16 minutes in Figure 32 translates into an onset
temperature (dashed line) of 250°C. Thus, the analysis tempera~ |/
ture study was initiated at 250°C. The analysis temperature '
study was run under isothermal conditions because the HP-DSC
results for the MIL-L-7808 type oils (References 16-17) showed
that onset times were better suited for RLL assessments than
onset temperatures.

When the 1 1l sample of the TEL-4005 oil was
analyzed at 250°C under 500 psi of oxygen, the exothermic reac=
tion occurred at 6 minutes and was so rapid that the sample
ignited and the sample pan melted. Consequently, the analysis
temperature and oxygen pressure were varied to identify a com-
bination which produced onset times of approximately 10 minutes
for fresh MIL-L-7808 oils and which inhibited ignition of the oil
sample. An analysis temperature of 230°C and an oxygen pressure
of 100 psi were the best analysis conditions identified by the
initial HP-DSC analyses of the MIL-L-7808 oils.

When the 1 ul samples of the TEL~4001 and TEL=-4005
oils were analyzed isothermally at 23C°C under an oxygen pressure
of 100 psi, onset times of 13.6 and 14.1 minutes, respectively,

. were produced (Figure 33). The uninhibited basestock had an
onset time of less than 1 minute (Figure 33). The authentic used
oil samples, F~25 and R-30, had intermediate onset times
(Figure 33).
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RN (4) Summary of HP-DSC Technique

. Although the experimental conditions capable of
producing onset times of 10 minutes for fresh MIL-L-7808 oil
samples were not identified by the initial study, it was shown
that the HP-DSC technique has the potential for assessing the RLL

e
i W,

o P
=

IR of MIL-L-7808 oils in less than 10 minutes. The HP-DSC analyses ‘
iﬁ& use 1 ul samples, do not require sample preparation, and are

£$§ moderately easy to perform.

3?2 Therefore, the initial study of the HP-DSC tech-

i nigue and the results reported by other researchers

gﬁ? (References 6-17) indicate that thermal stressing techniques were
ﬁ?: well-suited for development into a RLLAT candidate, but that

Rl optimization studies of the techniques' experimental conditions
- ware needed.

L .

{%ﬁ d. Chemical Stressing Technique
i?ﬁﬂ {1) 1Introduction
w ¥
.{l' In an attempt to develop stressing techniques that
:§9\ do not employ the elevated temperatures and oxygen pressures used
#f% by thermal stressing techniques, chemical stressing techniques
-&&’ were investigated. The two chemical stressing techniques iden-
?dk tified as having potential for development into RLLAT candidates
J%%S are referred to as the colorimetiic method

igﬁ- (Reference 18) and the Ford method (References 19-21),

nind (2) Colorimetric Method
%;‘? (a) Introduction
1%%“ During research with laser dye solutions,

Koo researchers at the Mitsubishi Electric Corporation (Reference 18)
‘ﬁi“ observed that the dark green solutions of bis [4-(dimethylamino)
$mﬁ dithiobenzil]l nickel (BDN) in tetrahydrofuran (THF) faded with
gﬁﬁ time. From this observation the researchers at the Mitsubishi
lgﬁﬁ Electric Corporation developed a stressing technique that uses
e the oxidation of tetrahydrofuran (THF) as a "radical generator"
‘“h: and uses the decoloration rate of the BDN tn estimate the rela-~

tive efficienci?s of various antiecxidants. The BDN complex ha:s
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hydropercxide decomposing, free radicai trapping, and UV stabi-
lizing capacities (Reference 22), and thus, the BDN is capable of
measuring tne inhibition efficiencies of different types of
antioxidants.

The Mitsubishi chemical stressing technique is
based on the competition between the BDN complex and the added
antioxidants to react with the "radicals" generated by the oxida-
tion of THF. As the BDN reacts, the solution becomes colorless,
and thus, the reaction rate of the BDN can be measured by its
decoloration rate. Consequently, the decoloration rate of the
BDN solution in the presence of an antioxidant is dependent upon
the ability of the added antioxidant to stop the BDN from react-
inq with the THF generated "radicals". Since the inhibiting
capability of the added antioxidant is dependent on its ef-
ficiency and concentration, the decoloration rate of the BDN
solution decreases as the concentration of the antioxidant
increases (Figure 34).

The efffciencies of various antioxidants
relative to diphenylamine were determined by the BDN decoloration
rate and compared favorably with those obtained for the autoxida-
tion of tetraline (Reference 18). Since the Mitsubishi chemical
stressing technique is based upon the decoloration of BDN at 25°C
by THF, it does not have the thermal or pressure requirements of
the thermal stressing techniques. Also, since the decoloration
of BDN is used to determine the efficiency of the added an-
tioxidant, inexpensive spectrophotometers are used.

However, the greatest advantage of the
Mitsubishi chemical stressing technique was the fact that it uses
the rate of BDN deccloration as compared to the induction time
determined by the HP=-DSC technique. Since the rate of BDN
decoloration is constant throughout the test (Figure 34), the
antioxidant capacity of an used oil sample could be determined in
only a few minutes and the test time would be independent of the
used oil sample's RLL. In comparison, the test times of the HP-
DSC technique (Figure 33) ranged from approximately 1 minute for

(W)
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Figure 34.

[ n
o o

Rate of BDN Decoloration (10-3 min.l)
w

0 0 520 30 40 50 60
Concentration of Antioxidant (mol—l.z)

Effect of Antioxidant Concentration on the Decoloration Rate of
a BDN Solution (Reproiuced from Reference 18).
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the uninhibited bases;ock to over 14 minutes for the fresh TEL~
4005 oil.

Although the Mitsubishi chemical stressing
technique termed the THF as a "radical generator", our prelimi-
nary research indicated that the THF was simply a source of
hydroperoxides, and therefore, the Mitsubishi method determines
the hydroperoxide decomposing capabilities (Reaction 8) of an-
tioxidants, not their free radical trapping capabilities
(Reactions 6 and 7). To determine if the hydroperoxide decompos-
ing capabilities of the antioxidant species present in used MIL-
L-7808 lubricating oils could be used to assess the oils' RLL, an
initial investigation was performed.

However, before the Mitsubishi method was
evaluated, several modifications were made in the method to
improve its ease of operation and to decrease its instrumental
and operational costs. The first modification was to replace the
unstabilized THF (which contains an unknown, constantly increas-
ing hydroperoxide concentration) with cumene hydroperoxide (80%
purity). The cumene hydroperoxide is a stable liquid at room
temperature.

The second modification was to use the
632.8 nm wavelength instead of the 1100 nm wavelength
(Refercnce 18, to monitor the decoloration of the green BDN
solution. By choosing the 632.8 nm wavelength, an inexpensive,
safe He-Ne laser can be used, eliminating the need for an expen=-
sive near-infrared spectrophotometer. A third modification,
although minor, was to change the solvent system from 1l,2-
dichloroethane to toluene. Toluene was favored as the solvent
over 1l,2-dichloroethane because BDN is more soluble in toluene
and because toluene is a lower health risk than 1,2=-
dichloroethane.

The analytical procedure which was derived
from the Mitsubishi chemical stressing method is termed the
colorimetric method.
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Before the colorimetric method could be '
evaluated, the experimental parameters had to be optimized. The
effects of the BDN solution/cumene hydroperoxide ratio, the oil
sample size, and antioxidant type on the decoloration rate of the
BDN solution were studied. The optimized BDN colorimetric method
was then used to determine the effects of the fresh TEL-4001 )
through TEL~-4006 MIL-L-7808 oils and cf the laboratory stressed
TEL-4005 oils on the decoloration rate of the BDN solution.

e i s

(b) Effect of BDN Solution/Cumene Hydroperoxide

Ratio

To obtain the greatest difference possible
between the blank and a fresh MIL-L-7808 oil, the decvloration
rate of the BDN solution in the presence of the blank sample
should be very rapid (slope of plot approaching *®). Therefore, a
study was conducted to determine the BDN solution/cumene
hydroperoxide ratio which produced the fastest rate of decolora-
tion (greatest slope). The amount of BDN solution was held at
l.5 ml while the amount of the cumene hydroperoxide was varied
from 0.25 to 2.0 ml.

The decoloration rate of the BDN solution

increased as the amount of cumene hydroperoxide was increased
from 0.25 to 1.0 ml. Amounts higher than 1 ml of cumene
hydroperoxide had little effect on the decoloration rate of the ,
BDN solution. Thus, it was determined that 1.5 ml of BDN solu-

tion and 1.0 ml of cumene hydroperoxide produced the greatest

slope for the blank.
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(c) Effect of Sample Size

In addition to a rapid decoloration rate for
the blank, the deconloration rate of the fresh oil samples should
be very slow (slope of plot approaching zero) to increase the
colorimetric method's sensitivity to different degrees of RLL.
Therefore, a study was conducted to determine the minimum amount
of oil sample which produces the slowest decoloration rate for
the BDN solution.

To determine the effect of oil sample size on
the decoloration rate of the BDN solution, 10 to 30 1l samples of
TEL=-4004 oil were added to 1.5 ml of BDN solution and 1.0 ml of
cumene hydroperoxide. The percent absorbance of the BDN solution
was plotted versus reaction time for the different samples sizes
of the TEL-4004 oil and the blank sample as shown in Figure 35.

The plots of the percent absorbance of the BDN
solution versus reaction time in Figure 35 show that addition of
the TEL-4004 oil greatly decreases the decoloration rate of the
BDN solution and that the decoloration rate decreases with
increasing sample size.

Although increasing the sample size decreases
the BDN solution's decoloration rate, the effects of the oil
sample's color, which darkens with stressing time, also
increases. To determine the effect of the oil sample's color on
the colorimetric method, the TEL-4005 oil sample taken at 140
hours (stable life ended at 96 hours), which was the darkest of
the stressed oil samples, was added in amounts of 10, 20, and, 30 ul
to 1.5 ml of BDN solution and 1.0 ml of cumene hydroperoxide.

The stressed oil sample's color was found to
affect the initial absorbance of the BDN solution but did not
affect the slope of the BDN decoloration plot. The effect of the
sample's color on the initial point of the plot decreases the
colorimetric method's ease of operation since the starting point
has to be adjusted for every used oil sample.
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Since the rate of decoloration was similar for
the blank and the different sample sizes of the stressed TEL-4005
oil sample, the results indicated that the antioxidants are
depleted in the stressed oil sample to the point that they can no
longer decompose hydroperoxides. These results were expected
since the stressed oil sample was taken 40 hours after the end of
the TEL-4005 oil's stable life.

The results from the initial investigation
into the effects of sample size were inconclusive since the
effects of sample size on the decoloration rate and on the
initial point of the BDN absorbance plot differ in direction and
are deemed similar in importance. Therefore, a 30 pl oil sample
size was arbitrarily chosen for the initial evaluation of the
colorimetric method.

(d) Effect of Antioxidant Type

To determine if PANA and DODPA (antioxidants
in TEL=-4005 o0il) are effective hydroperoxide decomposers, i.e.,
inhibit the decoloration of the BDN solutlon, 1l and 2% solutions
of each antioxidant were prepared in toluene and then added in
30 ul quantities to 1.5 ml of the BDN solution and 1 ml of cumene
hydroperoxide in a 1 dram vial., The plots of the percent absor-
bance of the BDN solution versus reaction time for PANA and DODPA
are shown in Figure 36.

The results in Figure 36 show that both PANA
and DODPA are effective hydroperoxide decomposers since PANA and
DODPA significantly decrease the decoloration rate of the BDN
solution relative to the blank. The results in Figure 36 also
indicate that DODPA is a better hydroperoxide decomposer than
PANA, i.e., BDN solution decoloration slower in presence of DODPA
than in presence of PANA. Therefore, the colorimetric method is
sensitive to the depletions of both PANA and DODPA.
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(e) Effect of Formulation

To determine the effect of formulation on the
rate of BDN solution deccloration, the rates of the TEL-4001
through TEL=-4006 MIL-L-7808 lubricating oils were determined.

The resulting plots of the percent absorbance of the BDN solution
versus reaction time for the MIL-L-7808 lubricating oils are
shown in Figure 37,

As expected the rates of BDN solution
decoloration for the TEL-4001 through TEL-4006 oils shown in
Figure 37 were different. The different decoloration rates were
expected since cyclic voltammetry showed that the MIL-L-7808 oils
contain differing concentrations of antioxidants (Figures 10 and
11). The TEL-4001 through TEL-4005 oils produce similar rates of
BDN solution decoloration, while the TEL~4006 oil produces a imuch
slower rate of decoloration. Thus, the antioxidant system in the

TEL-4006 0il is a more effective hydroperoxide decomposer than
those of the other MIL-L-7808 oils.

(f) Analysis of Laboratory Stressed
TEL=-4005 Oil Samples
In order to determine the colorimetric
method's capability to distinguish between differing degrees of
thermal-oxidative degradation, the series of stressed TEL~-4005
oil samples were studied. The plots of the percent absorbance

of the BDN solution versus reaction time for each oil sample are
shown in Figure 38.

The results in Figure 38 show that the
colorimetric method is capable of distinguishing between oil
samples of differing RLL., However, the induction period (period
of time before rapid decoloration ocrcurs), not the rate of BDN
solution decoloration, is capable of RLL assessments. The other
factor ¢liminating the rate of BDN solution decoloration for
assessing RLL is that the initial rates of BDN solution decolora-
tion for the stressed oil samples are much slower than those of
the fresh oils.
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h; Because the colorimetric method must use an ;'
O .

" induction period to assess the RLL of MIL-L-7808 oil samples, the i
method's main advantage over the thermal stressing techniques is

1 eliminated. The colorimetric method had the advantage over t
tk induction period methods (thermal stressing) because it required ‘
N only a few minutes of analysis time regardless of the oil . '
N sample's RLL. In contrast, the analysis time required by induc-

:@ tion period methods varies from less than 1 minute to over 15 .

ﬁ‘ minutes depending on the oil sample's RLL.

(g) Summary of Colorimetric Method

The results of its initial evaluation indi- .
i cated that the colorimetric method has potential for development

N into a RLLAT candidate. The colorimetric method requires only

) 30 ul of the oil sample, can be performed using inexpensive

fq equipment, is moderately easy to operate, and has RLL assessment !

3& capabilities. However, the experimental parameters needed to be i

"&l modified to obtain analysis times of less than 10 minutes and the
mathematical relationship between the results of the colorimetric

$§ method and the RLL of an oil sample needed to be better

o established. |

'r"

A Althouygh the potential of the colorimetric
method for development into a RLLAT is lower than those of the

J{ voltammetric and thermal stressing techniques, the colorimetric
e L
${ method is suitable for development into a RLLAT and was further
Jﬁ evaluated in Task 2.
é% (3) Modified Ford Method
) . ’
és ‘(a) Introduction .
\ I
k& Researchers at the Ford Motor Company have '
e developed a method (References 19-21) which titrates the an- o
wﬂ tioxidant species in diluted oil samples with peroxy radicals
() Al
%ﬂ (ROO+ in Reaction 2) produced by the thermal decomposition of the
: '
~$ free radical initiator, azobisisobutyronitrile (AIBN) at 60°C. )
" The AIBN thermally decomposes to produce free radicals (R+) at a
‘Q& known and ccnstant rate:
:’:‘.
Y
A €6
&Y
B ¥

i)

SR . g . 0 ‘ R MU " : 0
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AIBN—25 2R o (12)

The free radicals then combine with oxygen to produce peroxy
radicals in the same manner as in Reaction 2. The free radical
reactions are performed in a model hydrocarbon oxidation system
containing cyclohexene as an oxidizing substrate and n—-hexadecane
as a hydrocarbon solvent.

In the absence of antioxidants, the
cyclohexene oxidizes rapidly (Reactions 2-4) and the resulting
oxygen consumption is monitored by recording the pressure change
in a closed reaction system. In the presence of antioxidants,
the oxidation of the cyclohexene is suppressed as the antioxidant
species are consumed (Recaction 6 and 7) through reaction with the
peroxy radicals produced by AIBN. Once the antioxidant species
lose their efficiency, the cyclohexene oxidizes rapidly absorbing
oxygen. The length of time before the rapid oxygen consumption
begins (induction time) has been reiated to the RLL of automotive
engine oil samples (Reference 21). The oxygen absorption versus
AIBN reaction time curves for the automotive engine oil samples
are presented in Figure 39.

Thus, the Ford method measures the free radi~-
cal trapping capabilities (Reactions 6 and 7) of the antioxidants
in the oil samples. The Ford method also is sensitive to
"natural inhibitors" present in the ester basestock and the
antioxidant species generated in the lubricating oil during use.
However, the results of the Ford method are independent of the
hydroperoxide decomposing capabilities (Reaction 8) of the an-
tioxidants (colorimetric method). Therefore, an initial
investigation was performed to determine the potential of the
Ford chemical stressing method as a RLLAT candidate.

However, before the Ford method could be
evaluated, several modifications in the method were needed to
meet the time and ease of operation requirements for a RLLAT. As
seen in Figure 39, the induction time of the new o0il is ap-
proximately 50 minutes, but the test had to be run for 90 minutes
to obtain the induction time by extrapolation. Also the test
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system was allowed to equilibrate for 15 minutes before starting
the test. Since the time requirements for RLLAT are 10 minutes
or less, studies were undertaken to decrease the total test time
(equilibration plus induction times) of the Ford method from the
original 105 minutes to the required 10 minutes. The experimen-
tal parameters studied included the type of easily oxidizable
substrate; the quantity, the aging time, and the concentration of
the AIBN solution; the quantity of hydrocarbon solvent; and the
quantity of the oil sample.

In order to improve the ease of operation of
the modified Ford method, the effect of eliminating the oxygen
purge and the effects of using a specified pressure drop in place
of the rate of pressure drop for determining the induction time
were studied. The modified Ford method was then evaluated with
the fresh (TEL-4001 tc TEL-4006), laboratory stressed (TEL-4005),
and authentic used MIL-L-7808 lubricating oils.

(b) Effect of Type of Easily Oxidizable Substrate

Because the Ford method was designed to take
approximately 2 hours to complete for new oils and the RLLAT
should take 10 minutes or less to complete, modifications in the
Ford method were necessary. Another problem with the Ford chemi-~
cal stressing method is shown in Figure 39. Due to the gradual
change in the rate of oxygen absorption as the induction period
ends, the test must be run 10-40 minutes longer than the actual
induction period so that an extrapolation can be carried out to
determine the induction period. 1In addition to increasing the
time of the test, the necessity of extrapolation to determine the
induction time reduces the potential of the Ford method for
development into an easy to operate, base-level RLLAT.

Therefore, the effect of the type of easily oxidizable substrate
on the rate of oxygen absorption was studied.

The results in Figure 40 (no MIL-L-7808 oil
present) show that benzaldehyde is clearly the easiest oxidizable
substrate tested. The stability cf the cyclohexene is due to the
fact that it is stabilized with 0.91% BHT. Since a supply of
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unstabilized cyclohexene could not be found, no further work was
v performed with cyclohexene.

To test the ability of the benzaldehyde reac-

gﬂ tion system to differentiate between MIL-L-7808 oils with varying

ﬁ@ degrees of oxidative degradation, 100 pl samples of fresh TEL-

B . 4005 oil and TEL-4005 oils stressed 72 and 144 hours (stable life

0l | ended at 96 hours) were added to the reaction system prior to the

iﬂ:i' . addition of the AIBN initiator.

3%5 However, the addition of the oil samples to
the benzaldehyde reaction system resulted in & pressure increase,

;&; not a pressure decrease‘(oxygen absorption), hefore and after the

e AIBN addition. Therefore, the order of addition was changed so

oy that the oil sample, AIBN in chlorobenzene, and hexadecane were
added to the 25 ml flask, purged with oxygen, equilibrated, and

;%& then the benzaldehyde injected through the'seﬁtum to start the
y& reaction. The data presented in Figure 41 was collected using
]

poy this order of addition.

As seen in Figure 41, the modified Ford method
with benzaldehyde differentiates between the fresh and stressed
TEL-4005 oil samples. The rate of oxygen absorption is much

-ﬁk slower than desired, and the induction time for the fresh TEL~-

\ 4005 oil is over 20 minutes. Therefore, further rescarch was

3§ conducted to shorten the induction period and te increase the

-bé rate of oxygen absorption after the end of the induction period.
R (¢) Effect of Hexadecane

i In order to simplify the modified Ford method
ﬁg . and increase the rate of oxvgen absorption, the effect of

'%ﬁ eliminating the hexadecane from the reaction system was studied.
v R In one system, hexadecane (9 ml) and 0.2 M AIBN in chlorobenzene
ﬁ? (0.5 ml) were used while in another system only 0.2 M AIBN in

ﬁﬁ chlorobenzene (9 ml) was used. The elimination of hexadecane

Ay shortened the time before the oxygen absorption became rapid from

4 to 2 minutes, sharpened the transition period, and increased
the rate of oxygen absorpticn. Therefore, climinating hexadecane
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gt not only simplified the modified Ford method but also produced a
shorter, better defined induction time.

(d) Effect of AIBN Solution Concentration

,a*o In an attempt to increase the rate of oxygen
."\\Q

?ﬁ& absorption, the effect of increasing the concentration of the

t ' AIBN solution from 0.2 M to 0.5 M was investigated. Although the

rate of oxygen absorption was increased and the induction time
ﬂ&ﬁ shortened, the 0.5 M AIBN solution was stable for less than 24
Ltu hours with precipitation occurring overnight. Due to this in-
stability, the 0.2 M AIBN was used in all of the following work.

éig (e) Effect of AIBN Solution and Benzaldehyde
:$ﬁ¢ Quantities
&ﬁ% In an attempt to decrease the equilibration

. time while increasing the oxygen absorption, different combina-
§£§ tions of the AIBN solution and benzaldehyde were investigated.
gﬁ? It was found that decreasing the quantity of AIBN solution from
;ﬁﬂ 9 ml to 4 ml, decreased the equilibration time from 5 minutes to
. 2 minutes without significantly affecting the rate of oxygen
ﬂﬁz absorption. Decreasing the quantity of benzaldehyde from 1 to
f§$ 0.5 ml also did not affect the rate of oxygen absorption sig-
%aﬁ nificantly but did produce a sharper transition period. Further
- decreases in the quantities of the AIBN solution and benzaldehyde
%ﬁ% decreased the rate of oxygen absorption without significantly
%ﬁﬁ atfecting the equilibration or transition period. Therefore, all
ﬁ&g further work was performed using { ml of the 0.2 M AIBN solution
Vﬁ? and 0.5 ml of benzaldehyde and a equilibration time of two
§&A minutes.
{%ﬁ ' (f) Effect of Oxygen Purge
=& . In an effort to simplify the chemical stress-
§§$ ing method further, the effect of eliminating the oxygen purge
3@% was investigated. The 0.2 M AIBN in chlorobenzene (4.0 ml) was
';,:5::: pipetted into the 25 ml flask, allowed to equilibrate for 2

minutes, and then benzaldehyde (C.5 ml) was injected through the
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septum. The plots of oxygen absorption versus reaction time,
with and without an oxygen purge, are shown in Figure 42.

Although the time ac which the oxygen absorp=-
tion begins is similar for each system, the oxygen purge results
in a much sharper transition period and faster pressure decreasa.
These results were expected since air is only approximately one-
fifth oxygen. Taking this into account (Air Adjusted in
Figure 42) the absorption of oxygen is similar for the two
systems. Thus, oxygen purges were used for the rest of the
studies in order to enhance the pressure changes.

(g) Effect of 0il Sample Size

Since the induction time of the fresh TEL=-4005
oil was approximately 30 minutes using a 100 ul sample, research
was conducted to find the amount of a MIL-L=-7808 lubricating oil
that would produce an induction time of approximately 10 minutes.
The results for 50, 20 and 10 ul samples of the TEL-4005 oil are
shown in Figure 43.

As seen in Figure 43, the induction time
decreases proportionally with sample size. Although the 10 jl
sample gave a shorter induction period than the 20 ul sample
(Figure 43), the 20 yl sample size was chosen for the optimum
procedure, since it would allow for better differentiation of the
stressed samples (longer induction periods).

(h) Modified Ford Method

The modified Ford method involves pipetting
20 yl of MIL-L~7808 lubricating oil and 4 ml of the 0.2 M AIBN
chlorobenzene solution into the 25 ml flask. Oxygen is then
bubbled rapidly through the reaction solution for 1 minute, and
then the reaction solution is allowed to equilibrate for 2
Benzaldehyde (0.5 ml) is then injected
through the stopper using a 2 ml syringe to start the analysis
period.

minutes with stirring.

The other major modification used by the
modified Ford method is the manner in which the induction period
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is determined. 1Instead of using extrapolation techniques as
'ﬁwf illustrated in Figure 39, the induction time for this work is
' defined as the length of time required for the oxygen absorption

;ﬁﬁ to result in a pressure decrease of 18 torr. The main advantage
e
Qﬁ: of defining the induction period in this manner is that it

eliminates any need for interpretation by the analyst, thus
shortening the total time and ease of operation of the

i%ﬁ ) technique.
iﬁ& (i) Effect of Time on the AIBN Solution
B Due to its ability to thermally produce free
imﬁ‘ radicals at relatively low temperatures (60°C), the AIBN in solid
;ﬁﬁ form requires refrigeration when not in use. To determine the
ﬁ%ﬁ effect of aging on the AIBN solution, the modified Ford method

f‘ was perforued on the TEL-4005 lubricating oil using a freshly
i“% prepared AIBN solution and AIBN solutions which had been allowed
;Rz to sit at room temperature for 1 day, 1 week, 2 weeks, and 1
@ﬁi month. The plots of oxygen absorption versus reaction time for

the freshly prepared and aged AIBN solutions are shown in Figure
3$¥ 44.
S The plots in Figure 44 show that the main

effect of aging on the AIBN solution occurs in the first 24
hours. During the first 24 hours the induction time produced by

ﬁ. the AIBN increases, indicating a decrease in the concentration of
UK
;ﬁﬁ free radicals produced by AIBN. After 24 hours, the produced
U
&ﬁ; induction periods are fairly constant for AIBN solutions aged up
't to 2 weeks.
ol
k%o However, after 2 weeks the effect of aging on
P e .
§$$ the AIBN solution increases with time resulting in less defined,
L)
e longer induction periods. Also a precipitate was observed in the
R, ) one month aged AIBN solution.
U0
"
;@% These results indicate that the ability of the
o

AIBN solution to produce free radicals at 60°C decreases with
aging times. Although, the long term instability of the AIBN
! golution limits the suitabilitv of the modified Ford method for
development into a RLLAT, refrigeration of the AIBN solution or
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P e

using solid AIBN in place of the AIBN solution could be used to
eliminate the instability problem.

(j) Effect of Formulation

To determine the effects of formulation on the
induction periods determined by the modified Ford method, the
induction periods of the TEL-4001 through TEL-4006 MIL-L-7808
lubricating oils were determined. The resulting plots of oxygen
absorption versus reaction time for the MIL-L=-7808 lubricating
oils are shown in Figure 45.

As expected, the TEL-4001 through TEL-4006
oils produce different induction periods (Figure 45). The Qif-
ferent induction periods were expected, since each oil was shown
by cyclic voltammetry to contain differing concentrations of
antioxidants (Figures 10 and 11). The main problem with the wide
range of induction periods produced by the different fresh MIL-L-
7808 oils is that the experimental conditions required to obtain
induction periods of less than 10 minutes for the TEL-4004 oil
would greatly decrease the modified Ford method's capability to
assess the RLL of stressed oil samples.

(k) Analysis of Thermally Oxidized TEL=-4005

0il Samples

In order to determine the modified Ford
method's capability to assess RLL, the series of stressed TEL-
4005 oils were studied. The plots of oxygen absorption versus
reaction time for the oil samples are shown in Figure 46.

The results in Figure 46 show that the
modified Ford method is capable cf distinguishing between oil
samples of differing degrees of thermal oxidation and that the
AIBN induction time decreases as the thermal oxidative stressing
time increases. Thus, the results of the modified Ford method
are related to the RLL of the stressed TEL-4005 oil samples.

However, the plot of the AIBN induction time
(oxygen absorption of 18 torr) versus the thermal-oxidative
stressing time shown in Figure 47 is not a smooth curve. The
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plot appears to be made up of two separate curves. The first
curve is from 0 to 24 hours of thermal-oxidative stressing time
and indicates a rapid decrease in the AIBN induction periods of
the stressed samples. The second curve is from 24 to 96 hours of
thermal-oxidative stressing time and indicates a much slower
decrease in the AIBN induction periods of ths stressed samples.

(1) Summary of the Modified Ford Method

The results of its initial evaluation indicate
that the modified Ford method has limited potential for develop-
ment into a RLLAT candidate. Although the modified Ford method
requires only 20 ul of the oil sample, can be performed using
inexpensive equipment, and has RLL assessment capabilities, the
modified Ford method is hard to operate and the age of the AIBN
initiator solution affects the RLL assessments. Also, the AIBN
induction times range from 12 to 20 minutes for the different
MIL-L-7808 oils and the modified Ford method requires a 2 minute
1 oxygen purge and temperature equilibration time prior to the
‘ analysis time.

I -

P

- E
e T

> O Le P,

o ' Therefore, the modified Ford method was
G eliminated from further consideration as a RLLAT candidate.

: e. Hydroperoxide Measurements
(1) Introduction

The primary oxidation product of the ester
basestock is the hydroperoxide (ROOH in Reaction 3).
Hydroperoxides are also produced by interaction between free

5 radical trapping antioxidants and peroxide radicals (Reaction 6).
g : The generated hydroperoxides are then depleted by thermal decom-—
6, position (Reaction 4). Thus, a steady state concentration is

. » obtained for the hydroperoxides during the initial stages of an
; MIL-L~-7808 lubricating oil's stable life.

b However, as the oxidation time of the MIL-L-7808
lubricating oil increases, the antioxidants' concentrations
decrease allowing the production rate of the hydroperoxide to

S

increase (Reaction 3). Since the depletion rate of the

LA S e
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hydroperoxides remains fairly constant (Reaction 4 controlled

mainly by temperature), the concentration of hydroperoxides

slowly increases with oxidation time. Once the stable life of

the MIL-L-7808 oil ends, the production of the hydroperoxides is

no longer inhibited and becomes very rapld resulting in a

‘ dramatic increase in the hydroperoxide's concentration.

E Consequently, the concentration of the hydroperoxides is in-

’ versely proportional to the concentration of the antioxidants in
the MIL-L=-7808 oil (Figure 48).

T s Ln BB €2 O I

? ' Although numerous analytical techniques have been

¢ developed for determining the concentration of organic peroxides,
A\ the iodine liberation methods are the most popular. Of the

' iodine liberation methods, the set of methods developed by Mair
and Graupner (Reference 23) appear to have the best potential for
development into a RLLAT candidate.

The methods are based upon the peroxide oxidation
of sodium iodide in isopropanol. Since sodium iodide is not
oxidized by air when dissolved in isopropanol, the need for blank
determinations is eliminated. The set of methods developed by
Mair and Graupner are also capable of distinguishing between
different types of organic peroxides. Method I stoichiometri-
cally determines peracids and hydroperoxides, method II
stoichiometrically determines those of method I plus peresters,
ketone peroxides, and aldehyde peroxides, while method III
é stoichiometrically determines all organic peroxides regardless of
Q their structure, including di-tert-alkyl peroxides.

t

I In addition to the well-established iodine libera-

tion methods, electrochemical techniques have been used to -

\ determine the concentration of hydroperoxides in various com- '
X pounds (References 24 and 25). Of these electrochemical

¢ techniques, a cyclic voltammetric technique which employs a
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platinum working electrode (Reference 25) appears to be the best
suited technique for development into a RLLAT candidate.

Therefore, in order to evaluate the different
techniques' potentials as RLLAT candidates, an investigation was
conducted to compare the hydroperoxide and peroxide determina-~
tions of the selected iodine liberation methods and of the cyclic
voltammetric techniques using platinum, glassy carbon, and thin
film mercury on gold working electrodes.

(2) Iodine Liberation Techniques

In order to evaluate the RLL assessment
capabilities of the different iodine liberation techniques, the
samples of TEL-4005 lubricating oil stressed for 0 to 144 hours
(stable life ended at 96 hours) were analyzed. The results of
the different idoine liberation techniques are plotted versus
stressing time in Figure 49.

The results in Figure 49 show that the organic
peroxides present in the stressed MIL-L-7808 oil samples are
determined stoichiometrically by methods II and III, but not be
method I. These results indicate that the organic peroxides
present in stressed oil samples are less than 5 percent
hydroperoxides, and instead, appear to be perester-Ketone type
peroxides.

To confirm these results cumene hydroperoxide was
analyzed by method I and produced stoichiometric results after
less than three minutes of reaction time. Also, dicumene
peroxide did not liberate any detectable amounts of iodine by
method I, even after 30 minutes of reaction time, but liberated
stoichiometric amounts of iodine by methods II and III.

Even though they make up less than 5 percent of the
stressed oil samples' peroxide contents, the concentration of the
hydroperoxides determined by method I increases almost linearly
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with stressing time up to 96 hours (end of TEL-4005 oil's stable
life). After the stable life ends, the hydroperoxides increase
at a slightly faster rate. In contrast to the hydroperoxides,
the total peroxide content determined by methods II or III are
independent of the stressing time between 24 and 96 hours, after
which time they increase rapidly.

§ e IR W

Thus, since method I was the only iodine liberation )
technique which could be performed in less than 10 minutes and
the hydroperoxide's concentration appeared to be related to the
RLL of the TEL-4005 oils, method I was selecte. as the iodine
liberation method with the most potential for development into a
RLLAT candidate.

e i A W

(3) Cyclic Voltammetric Techniques

(a) Introduction

N

f In order to evaluate the capability of cyclic
voltammetry to determine the concentration of organic peroxides
in used MIL-L-7808 oils, the effect of the type of working
electrode on the cyclic voltammetry's peroxide determinations was
investigated. For this study platinum, glassy carbon, and thin
film mercury (gold substrate) working electrodes were studied. j
Although the reported cyclic vcltammetric technique '
(Reference 25) employed a platinum working electrode, the
platinum electrode could only be used to -0.4 V due to its high
sensitivity to impurities in the solvent system, and thus, was \
eliminated from further consideration. j

(b) Thin Film Mercury Working Electrode

- —r———

The next working electrode studied was the .
thin film mercury on gold (Hg-AUE) electrode. The Hg-AUE
electrode's surface 18 similar to that of the dropping mercury
electrode of pclarography which has been successfully used in
various hydropercxide determinations (Reference 24).
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.Although the Hg-AUE electrode was unable to
y detect 1% solutions of benzoyl peroxide, cumene hydroperoxide and
ﬁ dicumene peroxide, it was able to detect oxidatively generated
! species in the laboratory stressed oil samples. The generated
| species produced broad reduction waves from 0.0 to =1.7 V

% ‘ (Figure 50), At a potential of =-0.1 V, an additional reduction
ﬁ wave is produced for the stressed oil samples (96-144 hours in
¥ Figure 50) taken after the stable life of the TEL-4005 oil had

' ended.

1% The reducible species are believed to be

1& hydroperoxides even though the Hg-AUE electrode could not detect
! cumene hydroperoxide. The hydroperoxide concentrations deter-

mined by cyclic voltammetry are estimated to be in the 10-3 M

. range (method I determined the hydroperoxide concentrations to

o range from 0.1 to 4.0 x 10-373M). The concentration of

) hydroperoxides determined by cyclic voltammetry can only be

Q estimated due to the broadness of the reduction waves and because
& the reduction waves did not reach a maximum value before the

% impurities in the solvent system began to reduce at -1l.7 V. By

L3

plotting the current at a specific voltage, e.g. =1.5 V, versus
the stressing time of the oil samples, one could produce a

0 calibration curve to aid in the assessment of RLL, even though
o the actual hydroperoxide concentrations are unknown.

The reduction peaks at =-0.1 V can not be used b
;# to assess RLL since the species responsible for the peak are only
detected after the stable life has ended. Also, the reduction
peak at =0.1 V would be unreliable since it appears to be
' produced by a specific hydroperoxide which may not be produced by
M) all of the different MIL-L-7808 oils' ester basestocks.

W (c) Glassy Carbon Working Electrode

The last working electrode investigated for
o the cyclic voltammetric determinations of hydroperoxides is the
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glassy carbon (GCE) electrode. Although no work has been pul-
bished on the use of GCE electrcdes for hydroperoxide
determinations, the GCE electrode was able to detect
benzoylperoxide (A) and cumene hydroperoxide (B) (Figure 51), but
not dicumene peroxide. 1In fact, due to the high stability of
dicumene peroxide, no electrochemical technique has been able to
detect it. The Mair and Graupner's iodometric method is one of
the few techniques capable of quantitatively analyzing for
dicumene peroxide.

The GCE electrode was then used to analyze the
laboratory stressed TEL-4005 oils for hydroperoxide content. The
voltammograms produced by the glassy carbon electrode are shown
in Figure 52, and except for the reduction wave at =-0.1 V,
(Figure 50), the voltammograms produced by the Hg-AUE and GCE
electrodes are very similar. Even though the voltammogram of
cumene hydroperoxide (Figure 51) produced by the GCE electrode
has a maximum, the voltammograms of the stressed oil samples do
not possess a maximum (Figure 52). As with the Hg-AUE voltam-
mograms, the plots of the current produced by the GCE electrode
at a specific voltage versus the stressing time of the oil sample
could be used to aid in RLL assessments.

The maln advantage of the glassy carbon
electrode over the Hg=-AUE electrode is that the GCE electrode can
be used to determine the concentration of antioxidants present in
the oil sample (0.0 to 1.5 V) (Figure 8) but the Hg-AUE electrode
can not be used above 0.2 V (oxidation of Hg). Also the GCE
electrode is much easier to maintain than the Hg-~AUE electrode.
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(4) Summary of Alkyl Hydroperoxide Detection

Techniques

The initial investigation indicated that the
alkyl hydroperoxide detection techniques have limited potential
for development into RLLAT. The broad voltammograms {Figures 50
and 52) indicate that numerous hydroperoxides are produced by the
ester basestock of the TEL-4005 oil and that the produced
hydroperoxides have a wide range of reduction potentials. Since
the different MIL-L-7808 oils use a variety of ester basestocks,
the number of different hydroperoxides produced by the various
ester basestocks and the range of their respective reduction
potentials will be great causing the results of the iodine
liberation and cyclic voltammetric hydroperoxide analyses to be
formula dependent.

Consequently, the alkyl hydroperoxide results
are better suited for degree of oxidative degradation estimations
than for RLL assessments.

f. Permanganatometric Method
(1) Introduction

in addition to the colorimetric and modified Ford
chemical stressing techniques, a chemical stressing technique
which uses the strong oxidant, potassium permanganate (NMnO4),
has been reported (References 26 and 27) and is referred to as
the permanganatometric method. Acidic RMnO4 solutions were used
to determine the oxidation stability of fresh and oxidized
samples of hydrocarbon fuels and lubricants. As the hydrocarbon

fuel or lubricant becomes increasingly oxidized, the amount of

l<MnO4 which reacts with the sample increases.




RTMAWA [IGAN T

However, in unrelated work, mn04 has been used to
oxidize amine antioxidants (Reference 28). Also the hydrocarbon
fuels and lubricants analyzed by the permanganatometric method
contained less than 0.003% of a hindered phenol antioxidant,
while the MIL-L-7808 oils to be tested employ an ester basestock
and 1-2% of amine antioxidants.

Therefore, an investigation was carried out to
determine if the presence of amine antioxidants or ester
basestocks hinder the permanganatometric method's RLL
assessments. The effects of KMnO4 concentration and the reaction
time on the permanganatometric method's results were studied.

(2) Effect of mno4 Concentration

To determine the effect of the KM604 concentration
on the permanganatometric method's RLL assessments, fresh and
stressed (96 hours) TEL-4005 oils were reacted with 0.1 and 0,01
M KMno4 solutions for 30 minutes. The rcacted solutions were
then titrated with a 0.02 M sodium thiosulfate solution to deter-

mine the quantity of unreacted RMnO4 remaining in solution.

When the 0.1 M RMno4 solution was reacted for
30 minutes with the fresh and stressed TEL-4005 oil samples, the
same amount of unreacted KMnO4 solution was present in both
reacted solutions. However, when the 0.01 M NMnO4 solution was
reacted for thirty minutes with the fresh and stressed oil
samples, the reacted solution of the stressed oil contained twice

the amount of unreacted NMnO4 as the reacted solution of the
fresh oil.

95

SLONRLRININS DAAMENEIIN AR NIIRIAIS P AN D SRR DA 2 o N N AR A NN SR



(3) Effect of Reaction Time

ot Since the initial tests indicated that the perman=

N ganatometric method had the ability to distinguish between oil

. samples of varying degrees of oxidation, research was conducted

to shorten the reaction time from thirty minutes to less than ten

« . minutes. In order to shorten the reaction time, vigorous stir- ‘
ring with a magnetic stirrer was used to keep the oil sanple

R dispersed in the aqueous KMnO4 solution to increase the interac~

R tion between the two phases.

Sy After 30, 15, and 10 minutes of stirring, the fresh
and oxidized oil samples required 3.5 + 0.2 ml of titrant, i.e.,
reacted solutions contained the same amounts of unreacted KMn04.

%I Once the stirring time was shortened tc less than 5 minutes, the

Fel,

‘3; fresh oil still required 3.5 + 0.2 ml of titrant but the oxidized
)

8 oil required 7.0 + 2.0 ml. Thus, the amount of titrant required

by the fresh oil was not dependent on the reaction time, while
o the amount of titrant required by the stressed oil decreased with
time. Therefore, it appears that the species reacting with the
ey KMnO4 are of nearly equal concentrations in the fresh and

oxidized oil samples, but for some unknown reason, the species in
%G the fresh oil react at a faster rate than those in the oxidized

@u oil. Since the antioxidants are of lower concentration in the

AR

B oxidized oil sample than in the fresh oil, species other than

. antioxidants must be reacting with the KMnO,.

XN

gﬁ (4) Summary of Permanganatometric Method

LX)

ﬁ% The initial evaluation indicated that the perman-

N ganatometric method has very limited RLL assessing capabilities .

o and is very sensitive to small variations in the

rl
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experimental procedure. Therefore, the permanganatometric method
is not suited for development into a RLLAT and was eliminated
from further consideration.

g. Electrical Property Measurements
{1) Introduction

When the ester basestocks of MIL-L-7808 lubricating
oils undergo thermal-nxidative degradation, they produce polar
compounds which affect the electrical properties of the oils.
Several authors (References 29-36) have reported that there is a
direct relationship between the degree of oxidative degradation
and the electrical properties of the lubricant. The Air Force
currantly uses the Complete Oil-Breakdown-Rate Analyzer (COBRA)
to monitor the condition of used MIL-L~7808 and MIL~-L=23699
lubricating oils (References 35 and 36). This device ls believed
to determine the electrical properties of lubricants which can be
measured in less than 5 minutes using very inexpensive, easy to
operate instrumentation, and thus, would be suitable for develop-
ment into a RLLAT. However, most of these studies were designed
to detect large changes in the lubricant's degree of oxidative
degradation. It has also been reported that the electrical
property measurements of the COBRA are formula dependent
(References 35 and 36).

Therefore, an investigation was conducted to deter-
mine the potential of electrical property measurements for
development into a RLLAT. The effect of formulation and oxida-
tive degradation on the combined resistance and capacitance of
fresh and laboratory stressed MIL-I.-7808 lubricating oils were
studied. The relationship between the resistance and the COBRA
measurements of the laboratory stressed MIL-L-7808 lubricating
olls were also determined. ’
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(2) Comparison of the Electrical Property Measuring

Systems Used by UDR1 and COBRA

In the electrical property measuring system used by
UDRI, the ratio of VI/V (Figure 53) is related to the frequency
of the input waveform, the capacitances and resistances of the
voltage meters, and the resistance (Rx) and cx, of the oil filled ‘
sample cell. Since all of the quantities are known except for Rx
and Cx, the VI/V ratio can be used to approximate Rx and Cx.

hﬁ At a very high frequency, e.g. 1000 Hz, the ratio

of VI/V is related to the capacitance of the oil sample, and at a

v very low frequency, e.g. 10 Hz, the ratio VI/V is related to the
resistance of the oil sample. Therefore, the resistance and

ey capacitance measurements of fresh and oxidatively degraded oils

: were performed with waveform inpdts of 10 and 1000 Hz.

! In order to monitor the frequency dependence of

) MIL-L-7808 oils, the input waveform of the electrical property
measuring system used by UDRI was designed with two important

T characteristics. First, a d.c. voltage was eliminated from the
input, because the lubricant polarized when subjected to a d.c.
voltage causing the readings to drift with time. The second

" characteristic of the input was that its waveform was a sine

S wave. In this manner, the response of the lubricant was depend-
" ent on only one frequency component.

;1& In contrast to the electrical property measuring
wé system used by UDRI, the COBRA instrument employs a square wave
“a, input, a d.c. offset, and several frequency components. The

l drift during the initial phase of the COBRA measurement is most
QJ likely due to the d.c. offset. The drift was eliminated when the
W d.c. offset was set to zero.
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(3) Effect of Oxidative Degradtion

To determine the effects of oxidative degradation
on the combined resistance and capacitance of MIL-L-7808
lubricating oils, the TEL-4005 oil samples which had been
stressed for 24 to 120 hours (stable life ended at 96 hours) were
analyzed with 10, 100 and 1000 Hz sine wave inputs. The plots of
VI/V versus stressing time for the inputs of 10, 100, 1000 Hz are
shown in Figure 354.

The plots of VI/V versus stressing time for a 10 Hz
input in Figure 54 decrease rapidly with stressing time indicat-
ing that the resistance of the MIL-L-7808 oil decreases rapidly
with stressing time. The resistance of the oil samples are
decreased by the polar compounds produced by the oxidative
degradation of the ester basestock.

As the frequency of the input is increased from

10 Hz to 1000 Hz, the effect on the VI/V ratio due to resistance

decreases, while the effect of capacitance increases. As seen in
Figure 54, the effect of oxidative degradation on the VI/V ratio

is small for 1000 Hz inputs in comparison to the effect seen for

10 Hz inputs. Therefore, it appears that the capacitance of the

MIL-L-7808 oils is affected to a much lesser degree by oxidative

degradation than the resistance of the oil.

(4) Relationship between V/VI and COBRA Readings

Since the COBRA instrument is thought to measure
conductivity, the inverse of the resistance measurements obtained
by the 10 Hz input for the stressed MIL-L-7808 oil samples should ‘
be proportional to the oils' respective COBRA readings. The plot -
of V/VI (inverse of VI/V) for a 10 Hz input versus the COBRA
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Stressing Time for Fresh and Stressed (24 to 120 Hours) -
TEL-4005 0Oils.

Figure 54.
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reading for the fresh and stressed TEL-4005 oil samples is shown
in Pigure 55.

The plot of V/VI at 10 Hz versus the COBRA readings
shows that there is a very strong correlation (straight line with
a slope of 1.1) between the V/VI and the COBRA measurements when
resistance is the main component of the V/VI ratio. Therefore,
it appears that the COBRA instrument measures the conductivity of
used MIL~L-7808 oil samples.

(8) Effect of Formulation

To determine the effect of formulation on the
resistance and capacitance of fresh MIL-L=-7808 lubricating oils,
the Vi/v ratios of fresh TEL-4001, TEL-4004, TEL~-4005 and TEL-
4006 MIL-L-7808 oils were determined at 10 and 1000 Hz. The
results are presented in Table 3.

The results presented in Table 3 show that the VI/V
ratio produced by a 10 Hz input is more affected by formulation
than the VI/V ratio produced by the 1000 Hz input. Thus, for=-
mulation affects the resistance component of the VI/V ratio to a
greater extent than the capacitance component.

(6) Summary of Electrical Property Measurements

The initial investigation indicated that the
electrical property measurements have limited potential for
development into RLLAT. The measurements based on resistance (or
conductance by the COBRA) are sensitive to changes in the oxida-
tive degradation of oil samples but are also formula dependent.

In contrast, the measurements based on capacitance are not for-
mula dependent but are also not sensitive to changes in the
oxidative degradation of the oil samples.
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103



& TABLE 3
:ﬁ EFFECT OF FORMULATION ON V,/V PRODUCED BY 10 AND 1000 Hz INPUTS

1

L MIL-L-7808 OIL V.

3 10 Hz 1000 Hz
TEL~4004 10.85 .528

i TEL-4005 9.08 529

i TEL~4006 7.39 569

lo4
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Consequently, the electrical property measurements
are better suited for degree of oxidative degradation estimations
than for RLL assessments.

h. Fluorescence Spectrophotometry
(1) Introduction

The technique of fluorescence spectrophotometry has
been used extensively for determining the oxidative degradation
of mineral oils and hydrocarbon lubricating oils (References 37-
41). Therefore, an investigation was conducted to determine if
fluorescence measurements could be used to assess -the RLL of used
MIL-L-7808 lubricating oils. The effect of formulation on the
fluorescence of fresh MIL-L-7808 oils was also studied.

(2) Effect of Formulation

To determine the effect of formulation on the
fluorescence of fresh MIL-L-7808 lubricating oils, the TEL-4003,
TEL-4005, and TEL-4006 oils were tested. The plots of the inten-
sity of fluorescence versus emission wavelength for the fresh
TEL-4003, TEL-4005, and TEL-4006 oils are shown in Figure 56.

The plots in Figure 56 indicate that formulation
has a very strong effect on the fluorescence of MIL-L~7808 oils.
The intensity of the fluorescence produced by the TEL-4006 oil i3
only 30% of that produced by the TEL-4003 oil. Whether the
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differences in the MIL-L-7808 oils' fluorescence intensities are
due to antioxidant, ester basestock, or other formulation dif-
ferences was not determined.

(3) Effect of Oxidative Degradation

To determine the effect of oxidative degradation on
the fluorescence of MIL-L-7808 oils, fresh and slightly degraded
(stressed 24 hours) TEL-4005 oils were tested. The plots of the
intensity of fluorescence versus emission wavelength for the
fresh and slightly degraded (LS-24) oils are shown in
Figure 57.

The plots in Figure 57 show that the fluorescence
is extremely sensitive to oxidative degradation. The fluores-
cence of LS-24 is approximately 3 x 10-3 as intense as the fresh
lubricant. The oil samples degraded longer than 24 hours did not
produce detectable levels of fluorescence on the MK-l
spectrophotometer. Therefore, their fluorescences were less than
10-5 as intense as the fresh oll. Whether the darkening of the
oil sample or the loss of flucrescing species through oxidative
degradation of the oil was responsible for the reduced fluores-
cence was not determined. |

(4) Summary of Fluorescence Spectrophotometry

The initial investigation indicated that fluores-
cence spectrophotometry has very limited potantial for
development into a RLLAT. Fluorescence spectrophotometry is very
formula dependent and is extremely sensitive tc small changes in
the oxidative degradation of the oil samples.

Consequently, fluorescence spectrophotometry is not
suited for RLL assessments or degree of oxidative degradation
estimations.
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i. Comparison of Identified Analytical Procedures

During Task 1, various analytical procedures were iden=-
tified and initially evaluated for development into a RLLAT
candidate. As previously listed in Table 2, the analytical
techniques with potential for development into RLLAT candidates
were categorized into three main groups: voltammetric, thermal
stressing, and chemical stressing. The analytical techniques
which have been investigated but do not have potential for
development into RLLAT candidates or those which have been iden=-
tified, but not investigated, were also included in Table 2. The
characteristics used to evaluate the potentials of the analytical
techniques for development into RLLAT are listed in Table 4.

Of the techniques listed in Table 2, the voltam-
metric techniques were ranked first for development into a RLIAT
due to their ease of operation and very short analysis times.
Although the relationship between the data produced by the vol-
tammetric technique and the RLL of MIL-L-7808 oilg had not been
fully established, the preliminary results presented in Figure 30
indicated that there was a strong correlation between the two
values.

Thermal stressing technigques were ranked in front
of the chemical stressing techniques, because thermal techniques
do not require the toxic chemicals used by the chemical stressing
techniques and because the thermal techniques are much easier to
operate. The only advantage of the chemical stressing techniques
over the thermal stressing techniques was instrumental cost
(Table 4). For this reason, the low cost high pressure-
differential thermal analysis (HP=-DTA) technique was included in
Table 4.
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s 2. TASK 2, DEVELOPMENT OF REMAINING LUBRICANT LIFE ASSESSMENT
: TEST CANDIDATES

a. Introduction

During Task 1 of this investigation, the analytical
. procedures based on voltammetric, thermal stressing, and chemical
b stressing techniques were identified as having potential for
. development into RLLAT. In Task 2 of this investigation, sets of
fresh and thermally-oxidized MIL-L-7808 oil samples were used to
develop RLLAT candidates from the identified analytical
procedures.’

The development of the RLLAT candidates was performed in
two steps. In the first step, the experimental parameters of the
analytical procedures were optimized using the fresh TEL-4001
through TEL-4006, TEL-5001, and TEL~5002 MIL-L-7808 lubricating
oils. When optimized, the experimental parameters enabled the
analytical procedures to analyze fresh MIL-L-7808 o'l, regardless
of formulation, in less than 10 minutes and to differentiate
between stressed MIL-L-7808 oil samples, regardless of the degree
of oxidative degradation.

In the second step of the developmental research,
laboratory stressed samples of the TEL~4001 through TEL-4006, TEL-
5001, and TEL-5002 MIL-L=-7808 lubricating oils were prepared using
Federal Test Method Standard 791 Method 5307.1 at 370°F. The
stressed MIL-L-7808 cil samples were characterized by measuring
the samples' physical properties (viscosity, total acid number,
COBRA, und Mg concentration) and antioxidant concentrations. The
physical properties and antioxidant concentrations of the oil
samples were then plotted versus stressing time to determine the
end of each MIL-L-7808 oil's stable life as described in
Appendix A. The stable life and antioxidant system determined in
Appendix A for each MIL-L-7808 oil are listed in Table 5.

The sets of fresh and stressed TEL=4001 through TEL-4C06
MIL-L-7808 oils were then analyzed by each optimized analytical
procedure to establish the mathematical relationships bptween the
results of each procedure and the RLL of MIL-L-7808 oils. The
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TABLE 5

STABLE LIVES (370°F) AND ANTIOXIDANT
CONCENTRATIONS OF MIL-L-7808 OILS

b
v MIL-L-7808 01l Stable Life at 370’Fa Antioxidant Conbentrationab
i (Hours) (% Weight)
TEL-4001 105 Octyl-PANA (0.7%)
_ ' DODPA (0.7%)
UNK
TEL=-4002 175 PANA (0.9%)
DODPA (1.1%)
TEL-4003 240 PANA (1.0%)
DODPA (1.7%)
, TEL-4004 205 PANA (1.28%)
DODPA (1.2%)
TEL-4005 155 ) PANA (0.4%)
3 ' DODPA (1.6%)
o TEL-4006 320 Octyl-PANA (1.4%)
; DODPA (0.3%)
UNK -
- TEL-5001 240 PTZ (0.3%)
| DODPA (1.3%)
'Hi
s TEL-5002 110 Octyl-PANA (1.3%)

bPANA

DODPA
Octyl-PANA
PTZ

UNK

- e A e b S e

Ve e e bae'S e uyl-muuubn‘m-m » mihae ey IGHARNRN FLRFAN AL, 3 MR

DODPA (1.3%)

aStable life determined from breakpoints of viscosity (40°C) and
tctal acid number plots (Appendix A)

N-Phenyl-a-naphthylamine

Dioctyldiphenyl amine
N=(p=Octylphenyl)=d-naphthylamine

Phenothiazine

Unknown nitrogen or phosphorous containing compound
percent weight could not be determined.
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s potential of each candidate for development into a RLLAT was then

evaluated based on the criteria listed in Table ! and its RLL
assessing capabilities.

The studies used to develop and evaluate the different
RLLAT candidates are desacribed herein. The candidates are dis-
cussed in the order of their potentials for development into a
RLLAT: voltammetric >thermal stressing >chemical stressing.

b. ' Voltammetric Techniques
(1) Introduction

As the results of Task 1 indicated, the voltammetric

f techniques, in particular, the reductive=~cyclic voltammetric
technique, are well-suited for development into a RLLAT candidate.
In contrast to the chemical and thermal stressing techniques,.the
voltammetric techniques require less than 1 minute to perform so
el _ that optimization studies of the voltammetric experimental
A parameters were not required. However, the effects of successive

| scans and pyridine on the voltammetric analyses of MIL-L-7808 oils
o were not understood. Also, the mathematical relationships between
sk the results of the voltammetric techniques and the RLL of the MIL-
D¢ v L=7808 oils had not been established.

Therefore, a series of studies were performed to
é; develop the different voltammetric technigues into RLLAT
: candidates. Cyclic voltammetric analyses of the fresh and
) stressed (370°F) MIL-L-7808 oils were performed in order to fur-
ther characterize the stressed oils and to evaluate the cyclic
N voltammetric techniques' capabilities to assess RLL. The effects

Ef N of the dilution solvent amount, electrode configuration, and
" different organic bases on the cyclic voltammetric analyses of the
N . different MIL-L~7808 lubricating oils were studied. The effects

i of antioxidant type, scan direction, and number of scans on the
reductive~cyclic voltammetric analyses in the presence of organic
o bases were also studied. 1In addition to these studies, the

' initial attempts to linearize the plots of the reductive-cyclic
voltammetric result versus stressing time at 370°F and to develop
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a data acquisition system for the reductive-cyclic voltammetric
technique were performed.
. (2) Cyclic Voltammetric Analyses of the MIL-L-7808 :
: Oils ‘
‘ Cyclic voltammetric (CV) analyses were used to
) determine the degree of degradation of each MIL-L-7808 lubricating .
oil sample stressed at 370°F. The CV analyses of the stressed
TEL=-4001 through TEL-4006 MIL-L-7808 o0il samples were accomplished .
, by producing single scan voltammograms for each set of degraded 5
‘ MIL-L-7808 lubricating oils as shown in Figures 5863, N

The single scan voltammograms of the MIL-L-7808 oils
show similar changes with increasing stressing time. FPFor every
MIL~-L-7808 oil, the oxidation waves asaigned to the original
antioxidants (A in Figufes 58-63) decrease with straessing time.

. However, as the oxidation wave (A) in Figure 63 of the TEL~4006

K oil decreases, it splits into two oxidation waves, (Al) and (A2). g

' The oxidation wave at the lower potential (Al) corresponds to the
oxidation waves (A in Pigures 58-62) produced by the other MIL=-L-

. 7808 lubricating oils. The higher potential oxidation wave (A2)

decreases at a slower rate than the (Al) oxidation wave 'S
(Pigure 63). :

The single scan voltammograms of atressed MIL-L-7808
oils also exhibit an oxidation wave (B in Figures 58-63) which is
f at a lower potential than the oxidation wave assigned to the
original antioxidants (A in Figures 58-63). Oxidation wave (B) is
not present in the voltammograms of the fresh MIL-L-7808 lubricat-

? ing oils (Figures 58-63). Oxidation wave (B) rapidly increases in t

i size during the first 16-24 hours of stressing, as oxidation wave . h‘
: (A) (original antioxidants) rapidly decreases in size. After 24 Yo
- hours of stressing, oxidation wave (B) decreases with stressing v ;ﬁ
[

o time. Therefore, the oxidation wave (B) is assigned to an-

tioxidant species generated by the oxidation of tha original
j antoixidants.
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Figure 60.

Single Scan Voltaumograms of Fresh and Stressed (16-304 Hours at
370°F) TEL-4003 MIL-L-7808 0ils in Acetone Using a GClassy Carbon

Working Electrode.
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Single Scan Voltammograms of Fresh and Stressed (16-263 Hours at
370°F) TEL-4004 MIL-L-7808 Oils in Acetone Using a Glasgsy Carbon
Working Electrnde.

118




s

S

o

' b l l | l | ! I l I

ey

Ag " pomns =

.

L)

i 166 hra.

RN ) = -

“I'. 1‘8 hrs.
97 hrs. 137 hes.

.”‘\',.‘.I o pan—

.Y

oy — —]

i

DY

"‘::l — mman

)

ﬁ"

{ﬁf T —

:lhf,

e T

G

‘:: foee 5.0 uA =

N

iyt

N — L =

% — =

e

t;:,u

v..'{y'l

Kyt —

:,:: | 0.1 Volts |

'.l'

oy "% .

i - . —

v N N A N A S A A O O

bé:*r‘l

bl’

£

X

9& Figure 62, BSingle Scan Voltammograms of Fresh and Stressed (19-194 Hours at

N 370°F) TEL-4005 MIL~L-~7808 0ils in Acetone Using a Glassy Carbon

Working Electrode.

119

q e e T N T g R N Oy N N R, Ny N Ty O Yy Sy Y MV N VAT VY VR Y "V VAV




354 hrs.

305 hrs,

265 hrs,

194 hrs.

148 hrs.

121 hrs.

T -
1L

Figure 63. Single Scan Voltammograms of ¥resh and Stressed (19-408 Hours at
370°F) TEL-4006 MIL-L-7808 0Oils in Acetone Using a Glassy Carbon
Working Electrode.



To further test the RLL assessing capabilities of
the single scan CV analyses, two additional MIL-L-7808 oils, TEL-
5001 and TEL-5002, were analyzed. The single and fifth scan
voltammograms of the fresh TEL-5001 and TEL-5002 oils are shown in
Figures 64 and 65.

As seen in Figure 64, the single and fifth scan
voltammograms of the fresh TEL-5001 oil are very different from
those produced by the fresh TEL-4001 through TEL-4006 oils
(Figures 58-~63) and the fresh TEL-5002 oil (Figure 65). PFirst, an
nxidation wave {B) (Figure 64) is produced by the first scan of
the fresh TEL-5001 oil which is not produced by the first scans of
the fresh TEL-4001 through TEL~4006 oils (Figures 58-63) and fresh
TEL-5002 o0il (Figure 65). Second, repetitive scanning as repre-
sented by the fifth scan voltammc: vam in Figure 64 does not
prroduce any new species or increase the size of the oxidation wave
(B) for the fresh TEL-5001 oil. Repetitive scanning increased the
size of the oxidation wave (B) for the fresh TEL-5002 oil
(Figure 65) and the fresh TEL-4001 through TEL-4006 oils
(Figures 14-16).

Although, the results of Task 1 indicated that the
height of oxidation wave (B) (Figure 58-~63) could be mathemati-
cally related to the RLL of MIL-L-7808 oils (Figure 30), the fresh
TEL~5001 0il contains an oxidation wave (B in Figure 64) at the
same potential as the stressed TEL-4001 through TEL-4006 (B in
Figure 58=-63) and TEL-5002 oils (B in Figure 65). The oxidation
wave (B) (Figure 64) produced by the TEL-5001 oil is assigned to
the sulfur component of the phenothiazine type antioxidant used in
the oil (Table 5).

Therefoire, the height of oxidation wave (B) is
formula dependent and cannot be used for RLL assessments.
Consequently, the remaining development studies of the voltam-

metric techniques concentrated on the woltammetric technigue
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in the presence of pyridine, the reductive~cyclic voltammetric
technique (RCV).

(3} Effect of Dilution Solvent Amount

The requirement of sample dilution prior to analysis
limits the suitability of RCV for development into a RLLAT since
it results in increased solvent storage and waste disposal
problems. Therefore a study was conducted to determine the effect
of the dilution solvent amount on the results of the RCV analyses.
The ratio of sample to dilution solvent was 1:50 in all cases.

To test the effect of solvent amount, 100, 150, and
200 ,1 samples of TEL-4004 MIL-L-7808 oil were diluted with 5, 7.5
and 10 ml of diluent, respectively, and then analyzed in a 20 ml
gcintillation vial. The voltammograms showed that reducing the
solvent amount from 10 to 5 ml had no effect on the RCV analyses
of the TEL-4004 oils. Diluent amounts of less than 5 ml could not
be analyzed in the 20 ml scintillation vial.

(4) Effect of Electrode Configuration

Since the diluent amount was limited to 5 ml by the
20 ml scintillation vial, the use of smaller vials was
investigated. However, in order that the smaller vials could be
tested, the electrodes had to be taken out of the electrode holder
provided with the Cv-1B Voltammetry Electronics Control Module.
The working, reference, and auxiliary electrodes were bound
together with two O-rings to perform the RCV analyses in the
smaller vials. The electrodes were arranged so that the reference
elentrode restsd on the bottom of the vial. The voltammograms for
100 yl of the TEL-4004 oil in 5 ml of diluent were identical with
and without the electrode holder indicating that the electrode
configuration has no effect on the RCV analyses.

In order that the diluent amount could be lowered
further, the 20 ml scintillation vial was replaced by a 7 ml
scintillation vial. The diluent amount could be reduced to 2.5 ml
(50 yl oil sample) in the 7 ml scintillation vial. This further
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reduction in diluent amount had no effect on the RCV analyses of
the TEL-4004 oil.

(5) Effect of Antioxidant Type

In an attempt to obtain a better understanding of
the RCV technique in the presence of organic bases, the effects of
pyridine on the reductive voltammograms of PANA, octyl-PANA, and
DODPA [antioxidants used in TEL-4001 through TEL-4006 oils
(Table 5)] and on the mixtures of PANA with DODPA and octyl=~PANA
with DODPA were studied. The reductive voltammograms were
produced in acetone containing 5% pyridine by applying 1.0 V to
the working electrode, and immediately scanning at 500 mV/sec to
0.0 V. The oxidation wave (A in Figures 14-16) was eliminated to
increase the size of the reduction wave (C in Figure 66).

The reductive voltammograms of the antioxidants and
antioxidant mixtures in Figure 66 show that the reduction waves
(C) produced by MIL-L-7808 oils are produced by the antioxidant
mixtures, but not by the individual antioxidants.

The first and steady state (fifth-tenth scans)
voltammograms of PANA, octyl=-PANA, and their respective DODPA
mixtures are shown in Figures 67 and 68. Although, PANA and
octyl-PANA are electrochemically oxidized to produce new species
(B in Figures 67 and 68) which have an oxidation potential similar
to those found in stressed MIL-L-7808 oils (B in Figures 58-63),
PANA and octyl-PANA do not produce the reduction wave {(C in
Figure 66) in the presence of pyridine in contrast to the MIL-L-
7808 oils (Figures 26-28). However, when the PANA with DODPA and
octyl-PANA with DODPA mixtures are electrochemically oxidized,
they produced species similar to those produced by PANA and octyl-
PANA, (B in Figures 67 and 68) but they also produced new species
(D in Figures 67 and 68) which are not produced by PANA and octyl=-
PANA.

These results indicate that the RCV analyses in the
presence of pyridine are insensitive to PANA, octyl-PANA, DODPA
and their individual oxidation products. The RCV technique is
solely dependent on the new antioxidant species generated in the
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presence of PANA or octyl—-PANA with DODPA. These results are
consistent with Figure 30 which showed that the concentration of
the generated antioxidation species and the reduction wave
(Figure 29) were related.
(6) Reductive-Cyclic Voltammetric Analyses of the

MIL-L-7808 Oils

To evaluate the capabilities of the RCV technique to
assess the RLL of stressed MIL-L-7808 lubricating oils, RCV
analyses of the fresh and stressed TEL-4001 through TEL-4006 MIL-
L-7808 oils were performed. The reductive voltammograms of the
fresh and stressed TEL-4001 through TEL-4006 oils are shown in

Figures 69-74. The reductive voltammograms were obtained in the
same manner as Figure 66,

To evaluate the RCV technique's capability to assess
RLL, the peak heights of the reduction waves (C) in Figures 69-74
were plotted versus stressing time for the TEL-4001 through TEL~-
4006 lubricating oils as shown in Figure 75. During the first 16
hours of stressing, the reduction waves (C in Figures 69-74)
increased for the TEL-4002 and TEL-4004 oils, but decreased
rapidly for the other MIL-L-7808 oils (Figure 75). During the
next 24 to 75 hours, the reduction waves decreased rapidly for all
of the MIL-L-7808 oils. The reduction waves then decreased at a
slower, fairly constant rate until the ends of the wils' stable
lives (Figure 75). The reduction waves of the TEL-4001 through
TEL-4006 oils decreased at a similar rate in the latter stages of
oxidation. The TEL-4001 through TEL=-4006 oils decreased to a
similar peak height (0.25-0.40 pA) at the end of each cil's stable
life (stable life defined in Appendix A).

(7) Linearizing the Reductive-Cyclic Voltammetric

Plots

As shown in Figure 75, the reduction wave (C)
heights of the MIL-L-7808 oils decrease at a very fast rate in the
early stages of oxidation. The rates at which the reductiun wave
heights decrease then become fairly constant up to the ends of the
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oils' stable lives. The shape of the plots cause the RCV tech-
nique to be sensitive to small changes in the oil's RLL during the
early periods of oxidation and insensitive to small changes in the
oil's RLL during tha latter periods uf oxidation, when the RLL
assessments become more important. Also, the estimation of the
RLL is difficult because of the nounlinesarity of the plots.
Therefore, an initial study designed to linearize the plots of the
reduction wave height versus stressing time at 370°F was
conducted.

It has been reported (Reference 4%Z) that the deple-
tion of the original antioxidants in lubricating oils is a first
order reaction. If the depletion of the generated antioxidant
specles (species reduction wave C in Figures €9~74 is assigned) is
also first order, then the log of ths reduction wave haeight versus
stressing time at 370°F plots for the TEL-4001 through TEL-4006
should be linear. As seen in Figure 76, the semi~log plots of the
TEL-4001 through TEL-4006 oils appear to consist of two linear
regions with the transition period occurring at nearly the same
reduction wave height (10-15 yA) for each MIL-L~7808 oil.

(8) Effect of Organic Base

To gain a better understanding of the results of the
RCV technique employing pyridine, the effects of different organic
bases on the reductive voltammograms of the freeh TEL=4003 oil
were studied and the resulting reductive voltammograms are shown
in Figures 77-79 for pyridine, pyridazine, and 2,2' dipyridyl.
The organic bases pyrazine and quinuxaline did not affect the
reductive voltammogram of the fresh TEL-4003 oil.

The Figures 73 and 79 show that pyridazine and 2,2'
dipyridyl produce chaages similar to pyridine (Figure 77) in the
reductive voltammograms of the fresh TEL-4003 oil. It takes 90-
120 pl of 2,2' dipyridyl (5% in acetoune) to produce the same
affect as 60 pl of pyridine and pyridazine (5% in acetone). The
original reduction waves (D) are inhibited and the new reduction
waves (C) are enhanced in the pr=sence of thm orgenic bases
(Figures 77-79).
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77.

Effects of the Amount (0-90 ul) of a 5% Pyridine Solution
on the Reductive Voltammograms of the TEL-4003 MIL~L-7808
0il in Acetone Using a Glassy Carbon Working Electrode.
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Effecty of the Amount (0-90 Ul) of a 5y Pyridazine Svlution
on the Reductive Voltammograms of the TEL-4003 MIL-1~7808
011 1y Acetone Using a Glassy Carbon Working Electrode.
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The effects of the organic bagses appear to be re-
lated to their respective basicities. The weaker bases pyrazine
and quinoxaline have no effect on the reductive voltammograms.
The stronger bases, pyridine, pyridazine, and 2,2' dipyirdyl
inhibit the original reduction waves (D) and enhance the new
reduction waves (C) (Figures 77-79).

The results in Figures 77 and 78 indicate that
pyridazine is better suited for the RCV technigue than pyridine
since the height of the reduction wave for pyridazine is less
dependent on the organic base/antioxidant ratio than for pyridine,
i.e., as the amount of base is increased the reduction wave height
decreases for pyridine but remains fairly constant for pyridazine.
Also pyridazine is much safer to work with than pyridine.
Pyridazine does not have the flammability, odor, and irritant
problems associated with pyridine.

Therefore, the remaining developmental work on the
RCV technique was performed with a 0.1 M LiClO4 in scetone solu-
tion containing 375 ppm of pyridazine.

(9) Effect of Successive Scanning Cycles

Since the log of the reduction wave height versus
stressing time plots for the TEL-4001 through TEL-4006 MIL-IL-7808
oils were not linear, the effect of successive scanning cycles on
the reduction wave heights was studied. To determine the con=-
centration of the antioxidant species generated during the
thermal-oxidative stressing of the oil samples (oxidation wave B
in Figures 58-63), the RCV analyses were started at a working
electrode potential cf 0.6 V and scanned to 0.0 V. To determine
the capability of the RCV terhnique to generate similar an-
tioxidant species from the oil sample, the RCV analyses were
started at a working electrode potential of 0.0 V and then cycled
between 0.0 V and 1.0 V for over ten cycles. The heights of the
reduction waves were then compared to determine the effects of
successive scanning on the RCV technique's results.

In order that the effect of successive scanning
cycles on the RCV technique could be studied, a data acquisition
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system based on a Apple Ile microcomputer was used because the X-Y
recorder on which the previous RCV analyses were displayed was
better suited for single sweep than multisweep voltammograms and

L for qualitative than quantitative analyses. Although the Apple

iBg

§$ Ile data acquisition system was more expensive than a strip chart
3

:W . recorder, it was in the price range of a X-Y recorder and the

incorporation of the Apple Ile microcomputer into the RCV tech=-
nique greatly increases the ease of operation and diagnostic
capabilities of the RCV technique.

The Apple Ile computer was programmed to run the CV-
1B module, sample the output of the working electrode, subtract

%; out the blank wave height to determine the heights of the selected
:ﬁ reduction peaks, and perform cther reguired mathematical

3 manipulations. Once a mathematical relatiornship between ‘the

S height of the r2duction waves and the RLL of MIL-L-7808 oils was,
ﬁw established, the microcomputer could be programmed to readout in
ﬁ; percent RLL. Therefore, the incorporation of the microcomputer
&4 greatly increased the ease of operation of the RCV technigue

0 suitable for base-level operation.

;ﬁ To study the effects of the successive scanning

éﬁ cycles on the RCV results, the fresh and stressed (370°F) coil

e samples of the TEL-4001, TEL-4002, and TEL-4006 MIL~L-7808

ﬁﬁ lubricating oil samples were analyzed. The reduction waves for

! the series of TEL-4002 oil samples and the blank are shown in
Q¢ Figure 80. The heights for the first (scan from 0.6 to 0.0V),
second (first cycle between 0.0 to 1.0 V) and steady state (sixth

'3[ te ninth cycles between 0.0 to 1.0 V) waves were plotted versus
& . stressing time for the TEL-4001, TEL-4002, and TEL~4006 oils and
if are shown in Figures 81-83. The integrations of the reduction

_ waves showed decreasing correlation with increasing stressing
(o time, and thus, were not plotted.

The heights of the first wave (scan from 0.6 to

‘: 0.0 V) plotted in Figures 81~-83 are only dependent upon the con=-
centration of the new antioxidant species generated during the

A thermal-oxidation (370°F) of the MIL~-L-7808 oil samples. As
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Figure 80, First (F), Second (S), and Steady State Reduction Waves
of the Fresh and Stressed (16~234 Hours at 370°F) TEL-4002
MIL-L-7808 Oils and of the Blank.
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Figure 81. Plots of the First, Second, and Steady State Reduction Wave
Heights Versus Stressing Time (370°T) for the TEL-4001
MIL-L-7808 0il.

147



— :' L TR t:_.i__Flrst Scan ___—____
- - ‘;_—;r"Second Scan T

l-."—:l_ Steady State‘ Scan

Reduction Wave Height (pA)

e\ . End of S

Stable __

150
Stressing Time (Hours)
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MIL-L-7808 01il.
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expected, the concentrations of the generated antioxidant species
are minimal in the fresh oils, increase during the initial stages
of oxidation, and then decrease with increasing stressing time

a (Figures 81-83). However, the reduction wave heights of the
generated species become constant several hours prior to the ends
Ry of the TEL~4002 and TEL-4006 oils' stable lives. Alsc, the reduc-
| tion wave heights remained constant or even increased after the
stable lives of the studied MIL-L-7808 oils had ended. Therefore,
the heights of the first wave for the different MIL-L-7808 oils,
which represent the concentration of the antioxidant species
generated by thermal oxidation, show only a limited correlation

. with stressing time, and consequently, are not related to the RLL
b of the oil samples.
i

The heights of the reduction waves produced by the
first cycle between 0.0 and 1.0 V (second wave in Fijures 81-83)
and the sixth through ninth cycles (steady state waves in Figures

0 81-83) are only slightly dependent on the concentration of the
g generated antioxidants in the stressed oil samples. The heights
- of the second and steady state reduction waves are mainly depend-

ent on the species produced during the electrochemical oxidation
of the original antioxidants. In contrast to the first waves of
the Figures 81-83 and the semilog plot of the reduction wave

o height versus stressing time at 370°F for the TEL-4002 o0il shown
? in Figure 76, the heights of the second and steady state cycle

R reduction waves in Figures 81~83 decrease with increasing stress-
X '

. ing time.

*h Al though the plots of the second and steady state

reduction wave heights versus stressing time in Figures 82-84 are

similar in shape, the heights of the steady state waves are i

greater than the heights of the second waves, especially for the )

) fresh oils. The differences between the heights of the second and ;

~J steady stute waves decrease with stressing time and become negli- f
e gible as the oils approach the ends of the their respective stahle

lives.
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Therefore, the plots of the second and steady state
reduction wave heights versus stressing time were used to develop
the mathematical relationships capable of assessing the RLL of
‘ MIL-L-7808 lubricating oils.

(10) Determination of the Mathematical Relatinnship
Between the RLL of MIL-L-7808 Oils and the
RCV Results
As shown in Figure 76, the initial attempts to
w linearize the RCV technique's results by plotting the log of the
reduction wave heights ware only partially successful. Therefore,
the most¢ common Kinetic equations, those for zero through third
rate reactions, were applied to the plots of the second and steady
b state reduction wave heighta versus stressing time at 370°F for
ne the TEL-4001, TEL-4002, and TEL-4006 MIL-L-7808 lubricating oils.

If the depletion reaction of the antioxidant species
“ iz zero order, equation (1), where {A) equals the concentration of
 $ the antioxidant species, (Ao) equals the maximum concentration of
. the antioxidant species, k equals the rate constant, and t equals
I time, then the plot of the second |

b (A) = () = kt (1)

o and steady state reduction wave heights versus stressing time
e should be linear. As seen in Figures 81-83, none of the plots are
3 linear.

If the depletion reaction of the antioxidant species

3 is first order (as reported in Reference 42), eguation (2), then
)
:ﬁ plotting the natural log of the second '
o¥
"
- ln{A) = ln(Ao) - kt (2) .
UaY
-:g}
R and steady state reduction wave heights versus stressing time
)
ff should be linear. As seen in Figures 84-86, the plots of the
¥
v natural log of the steady state reduction wave heights versus
,‘l'l
Y
;""::
B
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stressing time are fairly linear for the TEL-4001, TEL-4002, and
TEL-4006 oils prior to the end of their respective stable lives.

If the depletion reaction of the antioxidant species
is second or third order, equations (3) and (4),

1
(K) = (K ) + kt (3)
1 1

(B)% = (K% + ke (4)

respectively, then plotting the inverse or inverse squared of the
steady gtate reduction wave height versus stressing time should
produce linear plots. As seen in Figure 87, the plots for the
TEL-4002 oil are clearly nonlinear.

Therefore, it appears that the depletion reaction of
the antioxidant species is first order. To better compare the
results of the TEL-4001, TEL-4002, and TEL-4006 lubricating oils,
the natural logs of the steady state reduction wave heights for
the fresh and stressed oil samples of each MIL-L-7808 oil were
plotted against the same time scale. The plots were then shifted
so that they intersected at -0.750, which is the natural log value
at which the stable lives of the TEL-4001, TEL-4002, and TEL-4006
olls ended.

The 1ln value of the fresh TEL-4006 oil's steady
state reduction wave height is 3.44 and is defined as 100 percent
lubricant life., Since the plots of the ln values of the steady
state reduction wave height versus stressing time are linear for
the studied MIL-L-7808 oils, the ln of the reduction wave heights
can be assigned percent RLL values (Figure 88). Therefore, the
mathematical relationship between the steady state reduction wave
heights and the percent RLL of MIL-L-7808 oils is given in equa-
tion (5).

ln of the treduction wave height + 0,750

% RLL = 3.44

x 100 (5)
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However, as seen in Figure 88, the slopes of the
TEL-4001, TEL-4002, and TEL-4006 oils' plots are different which
makes the assignment of RLL in hours to a single oil sample ex-
tremely difficult uniess the oil's formulation and stressing
temperature are known. For example, an oil sample with a 1ln value
of 2.00, could have anywhere from 195 to 90 hours of RLL,

(11) Effect of Formulation

To determine the effects of formulation on the RCV )
technique's capability to assess the RLL of MIL-L-7808 lubricating
oils, the sets of fresh and stressed TEL-4001 through TEL-4006,
TEL-5001, and TEL-5002 MIL-L-7808 oils were analyzed. The RLL
plots for the MIL-L-7808 oils are shown in Figure 89,

The results in Figure 89 show that the ln plots of
the reduction wave heights versus remaining hours of lubricant
life are essentially linear for all of the MIL-L-7808 oils. The
only nonlinearity displayed by the 1ln plots occurs during the
early stages of oxidation, especially for the TEL=5001 oil.
Although previous cyclic voltammetric analyses indicated that new
species were not generated (Figure 64), the % RLL of the TEL-5001
oil as determined by the RCV technique increases during the early
stages of oxidation. These results suggest that the generation of
the new species with antioxidant capacity does occur for the TEL-
5001 oil, in contradiction to the cyclic voltammograms in
Figure 64.

The results in Figure 89 also show that regardless
of formulation, the reduction wave height of 0.5 pA (ln value =
=0.70) can be assigned the value of 0% RLL. Once the assignment
of 100 percent RLL is given to the 1ln value of the fresh TEL-4006
oil, 3.44, % PLL can be made from the RCV results since the 1ln
plots are linear.

(12) Summary of the Reductive-Cyclic

Voltammetric Technique

The RLLAT candidate developed from the RCV technique
met all of the criteria listed in Table 1 and was capable of RLL
asgsessments regardless of the MIL-L-7808 lubricating oil's
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formulation. The incorpeoration of the Apple IIe microcomputer
based data acquisition system made the RCV technique base=-level in
operation and in interpretation of the results,

Therefore, the RCV technique combined with the Apple
Ile microcomputer based data acquisition system is very well-
suited for development into a RLLAT.

c. Thermal Stressing Technique
(1) Introduction

As the results of Task 1 indicated, the thermal
stressing techniques based on high pressure-differential scanning
calorimetry (HP-DSC) are well suited for development into a RLLAT
candidate. In contrast to the voltammetric techniques, the
analysis times of the thermal stressing techniques were greater
than 10 minutes. In addition to the HP-DSC technique, a sealed
pan-DSC (SP-DSC) technique was investigated in an attempt to
eliminate the pressure requirements of the HP-DSC technique.

(2) High-Pressure-Differential Scanning Calorimetry
(a) Introduction

Before the potential of HP-DSC for development
into a RLLAT candidate could be evaluated, the experimental condi-
tions of the HP-DSC had to be changed in order to obtain onset of
oxidation times (Figure 90) of less than 10 minutes for all of the
MIL-L-7808 oils. An investigation showed that increasing the
temperature from 230° to 250°C resulted in onset of oxidation
times of less than 11 minutes for all of the MIL-L-7808 lubricat-
ing oils. Since the temperature was increased, the pressure was

increased from 100 to 200 psig to decrease any effects of

volatilization.

To fully evaluate the potential of HP-DSC as a
RLLAT candidate, sets of fresh and laboratory stressed (370°F) oil
samples were prepared for the TEL-4001 through TEL-4006 MIL-L-7808
lubricating oils. tach set contained seven samples ranging from
fresh and slightly degraded oil samples to oil samples taken just
after the stable life had ended. The six sets of oil samples were
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sent to DuPont for analysis on the 9000/9900 Thermal Analyzer

e P P e

system. The oil samples were analyzed and the onset of oxidation
time, onset of reaction time, oxidation peak temperature, and peak
energy (Figure 90) for each oil sample were recorded. The anset
of oxidation times and onset of reaction times for each set of

MIL-L-7808 lubricating oils were then plotted versus the stressing
times at 370°F to determine the relationships which exist between
the HP-DSC results and RLL of MIL=-L-7808 oils.
(b) High Pressure-Differential Scanning

Calorimetric Analyses of the MIL-L-7808 Oils

Six sets of oil samples representing the TEL=-
4001 through TEL-4006 MIL~L-7808 lubricating oils in various
degrees of RLL were sent to DuPont for HP-DSC analysis. The
sample designation codes (corresponding stressing time at 370°F),
oniset of oxidation times, oxidation peak temperature (maximum
temperature of sample), and peak energies for the TEL-4001 through
TEL-4006 MIL~L-7808 oils are listed in Tables 6 through 11,
respectively. 1In each set, designation A represents a fresh oil,
E represents a sample taken a few hours prior to the end of the
oil's stable life at 370°F, and F and G represent samples taken
after the end of the oil's stable life. The stable lives as
determined by viscosity (40°C) and total acid number breakpoints
(Appendix A) are also listed in Tables 6 through 11,

Although it has been suggested (Reference 43)
that the peak energies of the thermograms may be related to the
oxidative stability of the oil samples, Tables 6-11 indicate that
there 1is no correlation between the peak energy and the RLL of a
used MIiL-L-7808 lubricating oil. The data in Tables 6 and 10 also
show that the reproducibilities of the peak energies are poor.

In contrast to the peak energies, the onset of
oxidation times listed in Tables 6-11 are related to the RLL of
the MIL-L-7808 oils. The data for 5A and 5E listed in Table 10
shows that the standard deviation is fairly constant (*20
seconds). Since the standard deviation is constant, but the onset
of oxidation times decrease with increasing stressing time, the
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TABLE 6
OIL STABILITY OF TEL-4001 MIL-L-7808 CIL

250°C - 200 psig O

2
Sample Onset Oxidation Oxidation Peak
Designation Time Temp Peak Energy
. Code (min) (°¢C) (3/9)
1A (Fresh) 6.32 263 5532
' 6.37 262 4223
1B (19 Hours)* 3.80 261 7320
3.12 260 6266
1C (41 Hours) 2.64 260 5497
2,96 259 4805
1D (67 Hours) 1.84 260 5704
1.76 257 4095
1E (97 Hours) 1.52 259 6983
1.48 274 4269
1F (116 Hours) 0.96 257 5645
1.00 258 6941
1¢ (137 Hours) 1.00 257 5881
1.04 ’ 257 6459
. *Stressing Time at 37C°F.

Stable Life = 105 Hours.
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i TABLE 7
‘ OIL STABILITY OF TEL-4002 MIL-L-7808 OIL

W 250°C¢ - 200 peig C)2

o Sample onset Oxidation Ooxidation Peak
o Designation Time , Temp Peak Energy
) Code (min) (°c) (J/9)

§ 2A. (Fresh) 6.4 262 4915
33 2B (16 Hours)* 6.85 263 3817
o 2C (48 Hours) 2.5 260 6552

2D (116 Hours) 1.52 259 652C
g 2E (161 Hours) 1.44 258 5977
N 2F (191 Hours) 1.08 260 7142
; 26 (213 Hours) 0.64 | 259 6787

% *Stressing time at 370°F.
Stable Life = 175 hours.
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i+ OIL STABILITY OF TEL-~4003 MIL-L-7808 OIL "
; "
P 250°C - 200 psig 0, .
a Sample Onset Oxidation Oxidation Peak ;
\ Designation Time Temp Peak Energy
. Code (min) (°c) (3/9)
. *A (Fresh) 10.65 260 4011
':Z ¢ 3B (24 Hours)* 11.70 260 6335
* 3¢ (72 Hours) 6.75 259 5911
3D (143 Hours) 3.10 257 4838
R 3E (234 Hours) 2.3 259 5653
‘ 3F (287 Hours) 2.4 258 7851
2 2G (352 Hours) 1.85 257 7697
'y
¢
B
45
o *Stressing Time at 270"F,
: Stable Life = 240 Hours.
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OIL STABILITY OF TEL-4004 MIL-L-7808 OIL

250°C -~ 200 psig ©

TABLE 9

Sample Onset Oxidation Oxigation Peak

Designation Time Temp Peak Energy
Code (min) (°c) (3/9)

4A (Fresh) 7.90 261 3208

4B (16 Hours)¥* 7.50 259 3047

4C (48 Hours) 5.70 257 2793

4D (116 Hours) 2.30 259 4190

4E (169 Hours) 2.55 258 3896

4F (213 Hours) 1.80 257 5211

4G (241 Hours) 1.00 259 3789

*Stressing Time at 370°F.
Stable Life = 205 Hours.
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TABLE 10
OIL STABILITY OF TEL-4005 MIL-L-7808 OIL

250°C =~ 200 psig O

2
Sample Onset Oxidation Oxidation Peak
. Designation Time Temp Peak Energy
Code (min) (°c) (3/9)
5A-1 (Fresh) 4,96 ‘ 258 2016
-2 5.75 266 30148
-3 5.5 ' 263 2614
-4 5.5 264 5549
Mean X 5.45 263 2846
Std. Dev. +0.3 3.4 +2189
5B (19 Hours)* 5.4 265 6044
5¢ (50 Hours) . 262 4034
5D (97 Hours) 1.6 260 6953
5E-1 (137 Hours) 1.2 260 7939
-2 1.5 259 6339
-3 1.0 259 6841
Mean X 1.2 259 7040
Std. Dev. +0.3 +0.6 +818
5F (166 Hours) 1.2 259 6475
5G (187 Hours) 1.0 260 5084

*Stregsing Time at 370°F.
Stable Life = 155 Hours,




TABLE 11
OIL STABILITY OF TEL-4006 MIL-L-7808 OIL

4 250°C - 200 psig O

2
Sample Onset Oxidation 0 !dation Peak
Designation Time .emp Peak Energy ,

Code (min) {°C) (3/9)
; 6A (Fresh) 10.8 265 4749
{ 6B (19 Hours)* 8.4 264 5285
@ 6C (67 Hours) 6.2 267 2438
) 6D (148 Hours) 2.5 261 4648
: 6E (265 Hours) 1.65 259 5277
E 6F (354 Hours) 1.7 258 6901
: 6G (382 Hours) 1.7 258 2702
ﬂ *Stressing Time at 370°F.
ﬁ Stable Life = 320 Hours.
.
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Q'..n‘

%ﬁ percent error of the analyses for the TEL-4005 oil increases from
ot 5% to 30% with increasing stressing time.

Sﬁ: To initially study the relationships which

ﬁﬁy exist between the HP-DSC onset of oxidation time$ and the remain-
ﬁﬁo ing useful lives of the MIL-L-7808 oils, the onset of oxidation
. time for each oil sample was plotted versus its corresponding

é;i“»ﬁ stressing time at 370°F. The plots for the TEL-4001 through TEL-
%ﬁ‘ ' 4006 MIL-L~7808 oils are shown in Figure 91.

¥

ol The plots of the MIL-L-7808 oils' onset of

' oxidation times in Figure 91, show that the oxidative stabilities
y of the fresh MIL-L-7808 oils and the rate at which they decrease
[q% with stressing time at 370°F, decrease in the order: TEL-4003~

v TEL~4006 >TEL~-4004 >TEL-4002TEL~-4005 >TEL-4001, The order of
oxidative stabilities are in fair agreement with the results of

ﬁiq the 370°F stressing results.

%%’ ' However, the high temperature (250°C) condi-
N tione of the HP-DSC technique reduce the sensitivity of the HP=DSC
e technigque to small changes in the oxidative stabilities of the

f&$ MIL-L-7808 oils in the latter stages of their stable lives. For
?&: instance, the onset of oxidation times are similar for the TEL-
' 4006 oil samples taken 60 hours prior to and 60 hours after the
$$$ end of the TEL-4006 oil's stable life at 370°F.

n&% Another problem in predicting RLL from the HP-
W{ DSC data is that the onset of oxidation time for the TEL-4001 oil

with 0% RLL is 1.0 minute, while the onset of oxidation time for
the TEL-4003 oil with 0% RLL is 2.4 minutes (Figure 91), The 2.4

AU minute onset of oxidation time corresponds to ae TEL-4001 oil
E.g:: which was stressed for only 41 hours at 370°F (stable life = 105

. hours). Therefore, the assignment of 0% RLL to a particular onset
Q% of oxidation time is not straight forward.
%& Since HP-DSC measures both the antioxidant
!?H capacity and the oxidative stability of the ester basestock and
i the RCV results indicate that the antioxidant capacities of the
:ﬁ*; oils with 0% RLL are similar, the oxidative stabilities of the
g@% ester bhasestocks used in the MIL-L-7808 oils, which are expected
i
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to be different, appear to be complicating the interpretation of
the HP-DSC results.

Another problem in assessing RLL from the HP-
DSC data is that the onset of oxidation time for the TEL~4002 and
TEL-4003 oils increase during the initial stages of oxidation
(Figure 91). Similar results have been reported for the HP=~DSC
analyses of MIL-L-7808 type oils (References 2 and 17) and were
attributed to the thermal-oxidative generation of new antioxidant
species [CV analyses (Figures 58-63) also identified the presence
of new antioxidant species in the stressed MIL-L-7808 oils]. The
increase in oxidative stabilities complicates the RLL assessment
of slightly degraded lubricants.

(c) Linearizing the HP-DSC Onset of Oxidation

Time Plots

In an attempt to better understand the
relationships between the onset of oxidation time and the RLL of a
MIL-L-7808 oil, the ln, inverse, and inverse squared of the onset
of oxidation time representing first, second, and third order
reactions, respectively, were plotted versus stressing time at
370°F. The plots of the TEL-4001 through TEL-4006 oils are shown
in Figures 92-94.

Although none of the different mathematical
relationships produce linear plots, the ln of the onset of oxida-
tion time versus stressing time plets appear to be the most
linear. Again, the increase in the oxidative stability of the
oils during early oxidation and the insensitivity to differences
in the oxidation stabilities of badly degraded oils limits the
linearity, and consequently, the RLL assessing capabilities of the
HP-DSC results.,

(d) Linearizing the HP-DSC Onset of Reaction

Time Plots

Since it appeared that the different oxidation
stabilities of the ester basestocks used in the MIL-L-7808 oils
were affecting the RLL assessment capabilities of the HP-DSC
technique, the HP-DSC results were reanalyzed. Instead of usling
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the onset of oxidation time determined from the large exothermic
peak in Figure 90 produced by the oxidation of the ester
basestock, the onset of reaction time determined from the initia-
tion of the small exothermic peak in Figure 90 was used. It was
postulated that the initiation of the small exothermic peak in
Figure 90 occurred when the antioxidant capacity of the oil sample
was depleted, and thus, was independent of the ester basestock.

To determine the RLL assessing capabilities of
the onset of reaction times, the onset of reaction times for the
MIL-L-7808 oils were plotted versus hours of remaining lubricant
life as shown in Figure 95. Although the preoxidation period
decreased with increasing stressing time, the preoxidation period
was very formula depéndent and decreased in a random manner, and
thus, was eliminated from further consideration.

The plots of the onset of reaction times for
the TEL-4001 through TEL-4006 oils versus remaining hours of
lubricant life shown in Figure 95 indicate that the onset of
reaction time is strongly related to RLL.

In contrast to the onset of oxidation times
(Figure 92) which vary from 2.5 to 1.0 minutes at the ends of the
MIL-L-7808 oils' stable lives, the onset of reaction times (Figure
95) vary only from l.1 to 0.9 minutes at the ends of the MIL-L-
7808 oils' stable lives, and thus, a 0% RLL value can be
assigned.

In an attempt to obtain a linear relationship
between the onset of reaction time and RLL, the 1ln values of the
onset of reaction times were plotted versus remaining hours of
lubricant life as shown in Figure 96.

The 1ln plots of the onset of reaction times
shown in Figure 96 are linear after the first hours of stressing
down to a ln value of approximately 0.2 (onset of reaction time =
1.2 minutes). Therefore, if 0% RLL is assigned to a 1ln value of
0.2 and 100% RLL to a 1ln value to 2.20 (fresh TEL-4006 oil),
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percent RLL can be determined from the 1n values of the onset of
reaction times.

However, the onset of reaction times result in

conservative 0% RLL assessments for the MIL-L-7808 oils. The C%
RLL occur approximately 60 hours prior to the ends of the MIL-L=-
7808 oils' stable lives. Although an analysis temperature lower
than 250°C would be expected to decrease the conservative nature
of the HP-DSC results, a lower analysis temperature would result
in analysis times greater than the criteria time limit (Table 1)
of 10 minutes.

In spite of the conservative nature of the
onset of reaction times, they make the HP=DSC technique suitable
for development into a RLLAT. In fact, the conservative nature of
the onset of reaction times may be advantageous in that it
provides the analyst with a safety buffer for incorrect RLL
assessments.

(3) BSealed Pan-Differential Scanning Calorimetry

w5

(a) Introduction

'

In addition to the HP-DSC studies, a sealed
pan~DSC (SP=-DSC) technique was developed which eliminated the high
pressure requirements of the HP-DSC technique. The effects of the
sample pan, sample size, atmosphere, oxidizing agents, initial
temperature, and heating rates on the analysis times of the SP-DSC
were studied to obtain analysis times of less than ten minutes.

To fully evaluate the SP-DSC technique, sets of fresh and stressed
(370°F) MIL=-L-7808 lubricating oils, TEL-4001 through TEL-4006,
were analyzed. The onset of oxidation times and the peak heights

oL

were recorded for each oil sample. The onset of oxidation time
was then plotted versus stressing time at 370°F for each oil
sample to determine the relationships which exist between the SP-
P DSC results and the RLL of the MIL~L-7808 oil samples.

i (b)Y Effect of Sample Pan

"W Two types of sample pans were studied during
W the SP~DSC investigation. The first sample pan investigated was a
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$g high pressure (200 psi internal pressure), sealable pan consisting
”1 of two threaded, stainless steel capsules which are sealed with a
o copper ring. When the DSC analyses were run using the stainless
33 steel capsules, small (less than 0.25 mW) endothermic baseline
gi shifts (Figure 97) were produced, in complete contrast to the
?fr ¢ large (greater than 200 mW) exothermic peaks (Figure 90) produced
1?; by the HP-DSC technique. However, when hermetically sealable pans
‘ﬁg . (withstand 50 psi internal pressure), consisting of two sealable
;&: aluminum pans, were used for the DSC analysis, a small (less than
a 5 mW) exothermic peak was produced in agreement with the HP-DSC
WQ results.
Eﬁ It is well known that during long term oxida-
ﬁﬁ tion studies, steel catalyzes oil oxidation (Reference 44).

' Therefore, since the HP-DSC technigue uses aluminum pans, it
&ﬁ appears that the stainless steel surface of the high pressure,
3& threaded pans is reacting with the oil sample causing the dif-
§$ ferences between the HP=-DSC and SP-DSC results.

" Due to the apparent reaction between the stain-
;Q; less steel surface of the high pressure, threaded pan and the oil
%} sample, the high cost of the threaded, stainless steel pan ($300)
&m makes it unsuitable for routine use, and consequently, for use in
" a RLLAT.
nAY
%& Therefore, all of the development research on
g& the SP-DSC technique was performed using the hermetically-sealed
LA aluminum pans.
ﬁg‘ (¢) Effect of Sample Size
G“' ' To determine the effect of sample size on the
%M SP-DSC results, sample sizes of 0.2 to 2.0 pl were used for a
‘;\ stressed TEL-4006 oil sample (stressed 194 hours at 370°F).
Uk Although sample sizes larger than 1.5 ul did not produce discern-=
yj able DSC signals, the thermograms in Figure 98 indicate that the
@& air inside the hermetically sealed pan is adequate to produce a
o discernible DSC signal for oil sample sizes of less than 1.5 pl.
%n In fact, the produced DSC signal is greatest for the 0.2 ul
;ﬁ sample, indicating that sample sizes, smaller than 0.2 ;1 would
i 179
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yield even larger DSC signals. However, 0.2 pl is the smallest
sample that could be dispensed with accuracy. Therefore, unless
stated otherwise, 0.2 yl samples were used during the rest of the
SP=DSC study.

(d) Effect of Oxidizing Suhstances

Although the exotherms produced by the stressed
TEL-4006 oil sample (Figure 98) are easily discernible, no dis-
cernible peaks were produced by the fresh or slightly stressed
(less than 100 hours at 370°F) TEL-4006 oil samples. The tresh
TEL-4001 and TEL-4005 oil samples also did not produce discernible
peaks. Thus, it appeared that a catalyst was needed to produce
discernible peaks for fresh and slightly stressed MIL-L-7808 oil
samples. Therefore, oxidizing asubatances were added to the oil
sample in the DSC pan prior to analysis. The first oxidizing
substance tested was LiClO4, but no discernible peaks were
produced for the fresh TEL-4006 oil.

The next oxidizing substance studied was cumene
hydroperoxide. A 10 percent solution of cumeme hydroperoxide was
prepared in benzaldehyde (easily oxidizable substance). A 1 yl
sample of the cumene hydroperoxide/benzaldehyde solution was
placed in the DSC pan and hermetically sealed. The exotherm
produced by the solution is shown in Figure 99. Although, the
presence of fresh TEL-4006 oil inhibited the exotherm produced by
the cumene hydroperoxide/benzaldehyde solution (Figure 99), a
later discernible peak was not produced. Since the size of the
exotherm is dependent upon numerous factors, e.g., cumene
hydroperoxide concentration, amount of cumene
hydroperoxide/benzaldehyde solution, sample size of oil, etc., the
size of the exotherm could not be used for reliable RLL
assessments.

The next oxidizing substances studied were the
hydroperoxides present in an aged TEL-4005 oil sample (Figure 49)
which had been stressed 180 hours at 370°F and had 0 percent
remaining lubricant life (stable life at 370°F=155 hours). The
exotherm produced at 250°C (isothermal) by the aged TEL-4005 oil
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:mi- sample is shown in Figure 100. Although the addition of fresh

' TEL-4005 and TEL-4004 oils inhibited the exotherm of the aged TEL-
.5w, 4005 oil (Figure 100), stressed TEL-4005 and TEL-4004 oils had no \
F$E effect on the exotherm produced by the aged TEL-4005 sample.

(e) Effect of Oxidizing Atmosphere

e To test the effect of an oxidizing atmosphere
ol on the SP=-DSC results, the DSC pans were sealed under an atmos-

‘ phere of oxygen inside a glove bag. The exotherms for a stressed
TEL-4006 oil sample (194 hours at 370°F) produced under air and
oxygen atmospheres at 250°C (isothermal) are shown in Figure 101.
Spry The presence of oxygen shortened the onset -f oxidation time from
fal 2,7 minutes to 0.8 minutes and increased the size of the exotherm.
| The presence of oxygen also produced a discernible exotherm for
fresh TEL-4006 oil (Figure 101).

';é; Although the exotherm produced in the oxygen

.ﬁﬁ: atmosphere is larger than the exothe;m produced in the air atmos-
. phere, it is much smaller than the exotherm produced under 200 psi

}$3 of oxygen at 250°C (Figure 102). Thus, it appears that the oxygen
jﬁa atmosphere sealed in the DSC pan is sufficient to initiate the

jﬁ@ oxidation of the oil sample, but is not enough to produce the

_ complete oxidation of the oil sample, as obtained under 200 psi in
K the HP=DSC technique. In the sealed pan of the SP=DSC technique
Jﬁa the fresh TEL-4006 oil sample was still a liquid and only slightly
_ﬁw darkened after analysis (incomplete oxidation ), but the oll was
completely oxidized in the open pan of the HP-DSC resulting in a

Ly dark brown solid.

Therefore, the results of the SP-DSC technique ]
N using the oxygen atmosphere should be similar to those obtained

from the onset of reaction times (Figure 90) of the HP=DSC ,
,&f produced exotherms (Figure 96), and thug, the RLL assessments of
0
ﬁﬁﬁ the SP-DSC technigque should be affected very little by the for-

mulation differences of the TEL-4001 through TEL-4006 MIL-L-7808
lubricating oils.
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(f) Effect of Initial Temperature

Although the TEL-4006 oil stressed 194 hours at
370°F (stable life = 320 hours) still has RLL, it produces an
exotherm at 250°C with an onset of oxidation time (Figure 101) of
approximately 0.8 minutes. Also, the exotherm of fresh TEL-4006
oil (which has the longest stable life at 370°F) should occur at
approximately 10 minutes to obtain the most accurate RLL
assessments; however, it occurs at approximately 5 minutes.
Therefore, the SP-DSC stressing temperature of 250°C is too high
when an oxygen atmosphere is used.

To determine the effect of the initial tempera-
ture on the exotherm of the stresssed (305 hours at 370°F) TEL-
4006 0il with 0% RLL, the initial temperatures of 230, 235, and
240°C were studied. The exotherms produced by the stressed TEL-
4006 oil at the different initial temperatures are shown in Figure
103.

The exotherms for the stressed TEL-4006 oil
(Figure 103) indicate that an initial temperature of 230°C would
increase the capability of the SP~DSC technique to distinguish
between 0il samples with limited RLL. However, an exotherm was
not produced in the required 10 minutes for the fresh TEL-4006 oil
at 230°C (isothermal). Therefore, a heating rate of 3°C/minute
was used to shorten the onset of oxidation times for fresh MIL-L-
7808 oils. After holding at 230°C for 1 minute, the temperature
was increased at 3°C/minute to produce an exotherm for the fresh
TEL-4006 oil with an onset of oxidation time of 9.6 minutes
(Figure 104),

(g) Sealed Pan-Differential Scanning Calorimetric

Analyses of the MIL-L-7808 Oils

To evaluate the SP-DSC technique with an oxygen
atmosphere, fresh and stressed (370°F) MIL-L-7808 lubricating oils
were analyzed using an initial temperature of 230°C (isothermal
for 1 minute) followed by a 3°C/minute ramp for 10 minutes (230°
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el to 260°C). The exotherms produced by the fresh and stressed TEL-
4001 through TEL-4006 MIL~L-7808 oils are shown in Figures 105-
110, respectively.

The exotherms shown in Figures 105-110 indicate
that after the first 24 hours of stressing there is a direct
relationship between the RLL of the MIL-L-7808 oil samples and the
SP-DSC results, i.e., the onset of oxidation times decrease with
R stressing time at 370°F. i

N During the first 24 hours of stressing, the
onset of oxidation times remain fairly constant for the TEL-4002

N through TEL-4005 oils (Figures 106-109), but decrease for the TEL-

5 4001 and TEL-4006 oils (Figures 105-110), Similar results were -

KA obtained by the HP-DSC (Figure 91). Therefore, it appears that I

| the oils containing PANA and DODPA, TEL-4002 through TEL-4005

oils, actually increase in oxidative stability during the early

stages of oxidation. While, the oxidative stabilities of the olils -

o containing octyl-PANA and DODPA, TEL-4001 and TEL-4006 oils, :
decrease with stressing time regardless of the atage of

« oxidation.

T To initially study the relationships which
exist between the onset of oxidation times of the SP-DSC technique i
and the RLL of the MIL-L-7808 oils, the onset of oxidation time "

;, for each oil sample was plotted versus its corresponding stressing :
N time at 370°F. The plots for the TEL-4001 through TEL-4006 MIL-L- !
N 7808 oils are shown in Figure 111. )
P The plots of the MIL-L=-7808 oils' onset of X
f{ , oxidation times in Figure 111, show that the SP-DSC determined
.”w oxidation stabilities of the fresh MIL-L-7808 oils decrease in the ;,

order: TEL-4006>TEL-4003>TEL~-4004~TEL-4002>TEL~-4005>TEL-4001.

|3' This order of oxidation stabilities agrees well with the results \
’"g‘ of the HP-DSC technique (Figure 91) and of the Federal Test Method R"
“3§ Standard 791 Method 5307.1 (Appendix A). ]
’ ‘'he plots of the MIL-L-7808 oils' SP-DSC onset \
éﬁ of oxidation times in Figure 111, also show that the onset of ;
%ﬂ oxidation times for the MIL-L-7808 oil samples with 0% RLL {(taken )

g after end of stable 1life¢ at 370°F) range between 0.9-1.6 minutes. 1
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Flgure 111, Plots of the 8P-DSC (in Oxygen) Onset of Oxidation
Time Versus Stressing Time at 370°F for the Fresh
Yl and Stressed MIL-L-7808 Oils.
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The agreement of the different MIL—-L-7808 oils' onset of oxidation
times with 0% RLL for the SP-DSC technique is better than the
agreement among the ouset of oxidation times of the HP-DSC tech-
nique (1.0-2.4 minutes: Figure 91) and is worse than the
agreement among the onset of reaction times of the HP-DSC tech-
nique (0.6-~1.0 minutes: Figure 95).

Therefore, the results of the SP-DSC with an
oxygen atmosphere are directly related to the RLL of the MIL~-L-
7808 oils and the results are slightly affected by formulation.

(h) Linearizing the SP-DSC Onset of Oxidation

Time Plots

Since the SP-DSC onset of oxidation times are
related to the RLL of MIL-L-7808 oils, an investigation to iden-
tify the mathematical expression which produced linear SP-DSC
result versus RLL plots for the stressed MIL-L-7808 lubricating
0il samples was performed.

Since the 1ln values of the RCV (Figure 89) and
of the HP-DSC (Figure 96) results produced linear plots versus the
stressing times of the MIL=L=-7808 oil samples, the #n values of
the SP-DSC onset of oxidation times were plotted. The .fh value of
the 5P~DSC onset of oxidation time versus hours of remaining
lubtricant life (370°F) plots are shown in Figure 112 for the TEL-
4001 through TEL~4006 MIL-L=-7808 oils.

As seen in Figure 112, the 1ln value of the SP-
DSC onset of oxidation time versus hours of remaining lubricant
life plots of the MIL-L-7808 oil samples exhibit differing degrees
of linearity. During the early stages of oxidation, the onset of
oxidation times remain fairly constant for the TEL-~4002 through
TEL-4005 oils and decrease rapidly for the TEL-4001 and TEL-4006
oils. After the carly stages of oxidation, the plots of the THL=-
4001 and TEL=-4006 oil samples are linear but contain inflection
points., Similar inflection points were observed in the plots of
the single scan-RCV results (Figure 76) but not in the plots of
the multiple scan~RCV (Figure 89) and HP-DSC results (Figure 96).
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Thercfore, it appears that the SP~DSC rechnique
determines the antioxidant capahilities of the species present in
the oil sample (single scan CV analyzes only species present in
oil sample). However, the HP-DSC technique determines, not only,
the antioxidant capabilities of the species present in the oil
gample, but also the capacities of the species present in the oil
sample to generate new antioxidant species [multiple scan-CV,
first generates new species, then measures the total concentration
of species (original and generated) in the oil sample]. The fact
that the agreement of the SP-DSC and HP-DSC results increases with
stressing time (oil sample's :apability to generate new species
decreases with stressing time) supports this idea. Also, the
DODPA concentration versus stressing time plots for the MIL-L-7808
oils contain similar inflection points (Appendix A).

The other interesting feature of the SP-DSC
result versus stressing time plots in Pigure 112 is that the onset
of oxidation time decreases with hours of remaining lubricant life
until the end of each oils' stable life. 1In contrast, the HP=DSC
result versus hours of remaining lubricant life plots in Figure 96
show that the onset of reaction time decreases with stressing time
until 60 (TEL-4003 oil) to 20 (TEL-4001 oil) hours prior to the
end of the oils' stable lives. Therefore, it appears that the
lower initial temperature (230°C) of the SP-DSC technique enables
the SP-DSC to distinguish between oil samples with limited remain-

I

ing lubricant lives better than the HP-DSC (initial temperature =
250°C).

(4) Comparison of the SP-DSC and HP-DSC Techniques

In vrder to determine the thermal stressing tech-
nique with the most potential for development into a RLLAT,
Table 12 was prepared. The SP-DSC and HP-DSC techniques in Table
12 indicates, the thermal stressing technique best suited for
development into RLLAT is not clear.

Although SP-DSC has lower instrumental cost and is
simpler and safer to operate, HP-DSC has a lower operational cost

and does not require sample preparation (shorter total analysis

201

!
{

B0y A A L e M D R L AT S A A IS T A b B T R T




Y

S e M S A P P i

/o M R T S

TABLE 12
SUMMARY OF SP-DSC AND HP-DSC TECHNIQUES

SP~DSC HP=-DSC
Cost
Instrumental $ 15-20K $ 20~25K
Operational $ 0.80 $ 0.30
Ease of Operation
Sample Preparation Yes® No
DSC Procedure Simple Complex
Safety Reqguirements No Yes
Lubricant Life Prediction
Effect of Formulation on 0% 1.240.3 0.819.2:
Remaining Lubricant 1.740.7
Life Value (Minutes) a
Linear Relationship with No Yes
Remaining Lubricant Life
Analysis Time (Minutes) 1.2-10¢ 0».8-102
1.7-11

®seal DSC pan inside glove bag with oxygen atmosphere.
bOnset of reaction time.

“onset of oxidation time.

Linear between inflection pcints.

®plus sample preparation time of 2-3 wninutes.
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ey

‘ time). The importance of the linear relationship between the
technique's results and the RLL of an oil sample is lowered by the

oo™

fact that operating jet engines require periodic oil additions,

ey

resulting in nonlinear relationships between the RLL of an oil
sample and the operating time of the jet engine.

- = -

)

Therefore, for oil analysis labs analyzing a small
_ number of oil samples taken from jet engines requiring frequent
. oil additions, the SP-DSC technique is better suited for RLL
assessments. Whereas, for oil analysis labs analyzing a large

number of oil samples taken from jet engines requiring limited oil
additions, the HP-DSC technique is better suited for RLL
assessmencs,

(d) Chemical Stressing Technique ]
(1) Introduction

As the results in Task 1 indicated, the I
A colorimetric method is the chemical stressing technique best A
suited for development intc a RLLAT candidate. The colorimetric

method has the capability to differentiate between oil samples i
with varying degrees of thermal oxidative degradation. However, N
results of Task 1 also showed (Figure 38) that the experimental "
parameters of the colorimetric method need to be modified in order -
to complete the test in ten minutes. An additional problem with
the colorimetric method is that fresh MIL-L-7808 lubricating oils
do not exhibit BDN decoloration induction times (Figures 37 and )

Ty e Wy oy W W

—— s 7

L T § O

38).
; Therefore, the experimental parameters capable h
! of producing BDN decoloration induction times of less than 10 3
3 minutes were studied. The effects of reaction temperature and h.
s cumene hydroperoxide concentration on the induction time of the
? BDN decoloration reaction were studied. 1In order to compensate i
o for the fresh MIL-L-7808 lubricating oils not producing BDN ﬁ

X

decolcration induction times, the time required to reach a preset

i

decrease in absorbance was used to determine the end of the oils'

BDN decoloration induction times. The developed colorimetric
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o)
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2 method was then used to analyze fresh and stressed TEL-4001
' through TEL-4006 MIL-L-7808 lubricating oils.

(2) Effect of Sample Temperature

Since the rate of reaction between the an-
tioxidant species in the oil sample and cumene hydroperoxide .
'{ increases with temperature, i.e., BDN decoloration induction time
A decreases, the effect of sample temperature on the induction times
of stressed TEL-4001 and TEL-4006 oil samples were studied. The
MIL-L=-780€ oils, TEL-4001 and TEL-4006, were chosen for this study
since they produced the shortest and longest stable lives at
" 370°F, respectively. Therefore, a temperature which produced BDN
-x decoloration induction times of less than ten minutes for the
: fresh TEL-4006 oil, but which allowed the differentiation between
stressed TEL-4001 oil samples of varying degrees of thermal-

ﬁl oxidative degradation could be selected.

$ To determine the effects of reaction tempera-
* ture on the induction time of the BDN decoloration reaction, 15 ul
%# samples of fresh and stressed (370°F) TEL-4001 and TEL-4006 oils
bl were added to 0.75 ml of BDN solution and 0.5 ml of cumene

ﬁ‘ hydroperoxide (optimum parameters from Task l). The reaction

' temperatures of 25, 30, 35, and 40°C were studied and the absor-
%: bances of the BDN solution were plotted versus reaction time to

.ﬁ determine the BDN decoloration induction times of the stressed

jf TEL-4001 and T®L-4006 oils. The 24 hour stressed sample of the

' TEL-4006 0il produced BDN decoloration induction times of greater
tg than 20 minutes at 25 and 30°C. At 40°C the experimental setup

:@ produced a signal to the X=Y plotter which was so erratic that the .
e BDN deccloration induction times of the TEL-4006 oils could not be

determined. However, the temperature of 35°C produced an BDN
decoloration induction time of less than 15 minutes for the 19

“ hour stressoed TEL-4006 oil and allowed the methed to differentiate
A between the TEL-4001 oils with slightly different stressing times
(Figure 113). Therefore, 35°C was used in all future research.
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113. Plots of the Percent BDN Absorbance Versus Reaction Time at

35°C for the Fresh and Stressed TEL-4001 and TEL-4006 Oils.
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My (3) Effect of Cumene Hydrcperoxide Concentration

Since temperatures higher than 35°C produced

Wy erratic results and 35°C produces BDN deccoloration induction times
s greater than 10 minutes for the slightly stressed TEL-~4006 oil

i& (Figure 113), the effect of cumene hydroperoxide concentration on
the induction times of the TEL-4001 and TEL-4006 MIL-L-7808 oils T
g was studied. To determine the effect of cumene hydroperoxide i
concentration on the irduction time of the BDN decoloration

i method, 15 pl samples of fresh and stressed (370°F) TEL-4001 and
g TEL-4006 oils were added to 0.75 ml of BDN solution. By varying
the amounts of cumene hvdroperoxide added to the reaction system

j% from 0.5 to 1.0 ml and plotting the absorbances of the BDN solu-
iy tion versus reaction time, it was determined that 0.75 ml of

cumene hydroperoxide was capable of producing 10 minute or less

%ﬁ BDN decoloration induction times for any of the fresh or stressed

%$ MIL-L-7808 oils.

?ﬁ However, the 0.75 ml of cumene hydroperoxide is
o not a fixed quantity, because different batches of cumene

ﬁ% hydroperoxide produced different BDN decoloration induction times.
Yo When 0.75 ml of a new batch of cumene hydroperoxide was used

during the research following the concentration study, BDN
decoloration induction times of less than 7 minutes were obtained
i for the TEL-4006 oils and differentiation between stressed TEL-

ey 4001 oils became difficult. Another batch of cumene hydroperoxide
required 1.0 ml to obtain induction times of less than 10 minutes
for the TEL-4006 oils. Whether thesa differences are due to
aging, to differing initial cumene hydroperoxide concentrations
(80% purity), or to the speciles making up the remaining 20% of the
i obtained chemical is unknown. Therefore, the different batches

x were weakened or strengthened, by mixing the batches prior to use, P
CAN
ﬁ& in order to obtain a ten minute BDN decoloration induction time

?
ﬂh for the TEL-4006 oil sample which had been stressed 24 hours
L
¥ (sample with maximum BDN decoloration induction time).
."‘...3(
)
i
A
l'J:o'
11? 1
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K (4) Colorimetric Analyses of MIL-L-7808 Oils

In order to determine the effects of formula-

TE tion on the results of the colorimetric methods, the sets of fresh
: and stressed (370°F) TEL-4001 through TEL-4006 MIL-L-7808
b lubricating oils were studied. The analyses were performed at

¥ 35°C using 15 ul samples of oil, 0.75 ml of BDN solution and 0.75
+ ml of blended cumene hydroperoxide. The plots of the percent BDN
Q ‘ absorbarice versus reaction time at 35°C for the TEL-4001 through

i TEL=-4006 oils are shown in Figures 114-119, respectively.

The plets of the percent BDN absorbance versus

& reaction time at 35°C shown in Figures 114-~119 demonstrate the
@ colorimetric method's capability to differentiate bhetween varying
o degrees of thermal oxidation regardless of the MIL-L-7808 oils'

formulation. However, in addition to the problem that new MIL-L-
7808 lubricating oils do not produce induction periods, the shapes
of the absorbance curves prior to the rapid BDN decoloration are
! dependent on formulation and degree of degradation. As the

: degradation of the oils increases, the absorbance curves exhibit a
E dramatic increase in absorbance prior to the rapid decrease in

O absorbance, especially the TEL-4001 oil. Also the absorbance

) curves for the 24 hour stressed TEL-4006 oil exhibits less rapid
decoloration rates than the other oil samples. All of these

" factors decrease the accuracy of the BDN decoloration induction

ot period determinations when the induction time is defined as the
time at which rapid BDN decoloration occurs.

‘. Therefore, a preset decrease in absorbance must
1; be used to determine the BDN decoloration induction times of the

"y different oil samples. The preset decrease in absorbance must be
o chosen so that reasonable BDN decoloration induction times for the
- R new MIL-L-7808 oils are determined but the relationships between
ﬁﬁ the stressed oils are not changed. The differences in the initial
X absorbance readings caused by the color variations of the oil

» samples must also be taken into account. The absorbance plots in
Figures 114-~119 indicate that the use of a 25% decrease in absor-
bance for determination of the BDN decoloration induction times

207

VORI LA I QL P WLV A l( Al
AR AR AN ¢ . . AERAION 1, g
e S s edb s .-a e -‘.'-Ufn bl ded’ oo ’- SRR et .‘.c i..a‘. r i ‘A h“ ’s‘ .a' ‘a' v 'n‘

| MARM B MAN]
..aE.fz‘ .:4' 'u’a’i‘ l?ut-!u.i' ) GO

el




L o r K‘ o S ATPLEL T UL - L o
- B ; - Pt - . e 148 hrS(Z:E;ES‘I:“ : /:' T

~A1e bre o Lt

9T bra. ==7

1= = e =
o - 1y 4 = - =y=_. 41 hrs.._l,r —_— = =
I ——FF ==~ £ _ T : :

Ycrcent BDi Absorbance

0 100 200 300 400 500 600

Reaction 7ime (Seconds)

Figure 114. Plots of the Percent BDN Absorbance Versus Reaction Time
at 35°C for the Fresh and Stressed (19-148 Hours at 370°F)
TEL-4001 0ils.
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Figure 116. Plots of the Percent BDN Absorbance Versus Reaction Time at
35°C for the Fresh and Stressed (16-352 Hours at 370°F)
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produces reasonable BDN decoloration induction times for the fresh
MIL-L-7808 oils, i.e., BDN decoloration induction time of fresh
oil greater than oil sample 48 hours while less than or equal to
oil stressed 24 hours.

The BDN decoloration induction times of the
fresh and stressed (370°F) MIL-L=-7808 oils determined using a 25%
decrease in absorbance were plotted versus stressing time at 370°F '
and are presented in Figure 120. S

The plots of BDN decoloration induction time
versus stressing time at 370°F for the MIL-L-7808 oils shown in
Figures 120 have shapes similar to the plots of the results of the
other RLLAT candidates versus stressing time. However, in con-
trast to the other RLLAT candidates' results, the BDN decoloration
induction time of every MIL-L~7808 oil increases dramatically
during the first 24 hours of stressing at 370°F. These results
indicate that the new antioxidant species generated by thermal-
oxidation identified by cyclic voltammetry (Figures 58-=67) and
verified by HP=-DSC (Figure 96) and SP-DSC (Figure 112), greatly
improve the hydroperoxide decomposing capabilities of the an-
tioxidant system in the stressed MIL-L-7808 oils.

(5) Linearizing the Colorimetric BDN Decoloration

Induction Time Plots

Since the 4n values of the RCV (Figure 89), HP-
DSC (Figure 96) and SP=DSC (Figure 112) results produced the most
linear plots with the stressing times of the MIL-L-7808 oils, the
log values of the BDN decoloration induction times were plotted.
The log value of the colorimetric result versus hours of remaining
lubricant life (370°F) plots are shown in Figure 121 for the TEL~-
4001 through TEL-4006 MIL-L-7808 lubricating oils.
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As seen in Figure 121, the log value of the BDN
decoloration induction time versus hours of remaining lubricant
life plots cf the MIL-L-7808 oil samples exhibit differing degrees
of linearity. During the first 24 hours of oxidation, the BDN
decoloration induction times increase rapidly for all of the MIL~-
L-7808 oils. After the first 24 hours of oxidation, the log of
the BDN decoloration induction time plots are linear, but contain
inflection points similar to those observed for the SP-DSC (Figure
112), single scan=RCV (Figure 76), and NODPA concentration
(Appendix A) plots.

Therefore, the colorimetric method determines
the hydroperoxide decomposing capabilities of the antioxidant
species present in the oil sample. Thus, the capacities of the
antioxidant species present in the oil sample to generate new
species with hydroperoxide decomposing capabilities are not
measured by the colorimetric method.

The log value of the BDN decoloration induction
time versus hours of remaining lubricant life plots in Figure 121
also show that the effect of formulation on the colorimetric
method's results is small. At the ends of the MIL-L~-7808 oils'
stable lives at 370°F, the average BDN decoloration induction time
is approximately 8+3 seconds. :
(e) Comparison of Remaining Lubricant Life Assessment
Test Candidates
The RLLAT candidates developed during this inves-
tigation have been categorized into three main groups and have
been ranked in the follouwing crder: voltammetric > thermal
stressing > chemical stressing. The three main groups and the
criteria used to rank their potentials for development into RLLAT
are listed in Table 13.

Of the RLLAT candidates developed during this inves-
tigation, the voltammetric techniques are the lowest in cost,
easiest to operate, require the shortest analytical time, and
produce the most accurate and precise RLL assessments (Table 13).
The voltammetric techniques also can be used to identify the type

217

S R B P RS R AL R OO AT T TN TN A S OO S A OO0 A O L AR




; | TABLE 13
‘ SUMMARY OF REMAINING LUBRICANT LIFE ASSESSMENT TEST CANDIDATES

Thermal Chemical
Voltammetric Stressing Stressing
Cost : .
Instrumental leaa than $15=525K less than .
: $1,0002 $1,0009
Operational $0.08 $0.30-0.80 $0.10
Ease of Operation .

Sample size (ul) 50 0.2-1.0 15

Sample preparation Simple Simple Moderate
: Analytical procedure Simple Moderate Moderate
0 Analysis of results Simple Simple-- Moderate
. Moderate
¥ Safety Requirements Normal Normal- Moderate
) Lo Moderate
ﬁ Analysis Time
“ Sample preparation. less than 0.5=3 min. less than
¥ . 30 sec. 30 sec.
J Analytical Procedure less than 1-10 min. 0.2=10 min.

20 sec, ‘

v. '
t
ﬂ Lubricant Life Prediction
" Effect of Formulaticn Slight Slight- Slight
K on 0% Life Value Moderate

Relaticnship with Linear Linear with Linear with
' Remaininqg Lubricant inflection inflection
“ Life points points
w
i Additional Information

=« Identify No - No
. antioxidant
: type
; -- Egtimate .
¥ concentration
€ of Hydro-
peroxides

3plus cost of data acquisition system $1,000~$3,000.
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of antioxidants used in the MIL-L-7808 o0il formulation and to
estimate the total concentration of hydroperoxides in the oil
E sample.

g Therefore, the voltammetric techniques, in par-
! ticular the reductive-cyclic voltammetric techniques, were the top
candidates for development into a RLLAT.

Although the chemical stressing techniques are much
lower in cost than the thermal stressing techniques, the thermal
stressing techniques were ranked second for development into a
RLLAT. The thermal techniques are easier to operate and do not
" require the toxic chemicals used by the chemical stressing
techniques. Also the results of the chemical stressing techniques

are more difficult to analyze than thcose of the thermal stressing
techniques.

Jm | 3. TASK 3. EVALUATION OF REMAINING LUBRICANT LIFE ASSESSMENT
K TEST BASED ON THE REDUCTIVE CYCLT>-~VOLTAMMETRIC TECHNIQUE

a. Introduction

¥ | During Task 2 of this investigatiori, the RLLAT candidate

L]

'% based on the RCV technique was ranked as the best candidate for
1

N development into a RLLAT. In order to evaluate the RLLAT based on
i the RCV technique (RLLAT=RCV), the effects of stressing tempera-
ture, oil formulation and oil additions on its RLL assessments
were studied. The RLL assessment capabilities of the RLLAT=RCV
for actual used MIL-L-7808 and MIL-L=23699 oili samples were also
studied.

BT
ST
e

b. Effect of Stressing Temperature

To determine the effects of stressing temperature on the
RLLAT-RCV results, the TEL-4001 through TEI.-4006 MIL-L-7808 oils
were stressed at 392°F, characterized as described in Appendix A,
i) and analyzed. The £n values of the reduction wave heights were

e
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then plotted versus hours of remaining lubricant life at 392°F,
The {n plots for the TEL-4001 through TEL-4006 oils are shown in
Figure 122,

The £n plots of the RLLAT-RCV results for the MIL-L-7808
oils stressed at 392°F (Figure 122) are in good agreement with the
Ln plots for the MIL-L-7808 olls stressed at 370°F (Figure 89).
For both temperatures, 370° and 392°F, the ln plots are linear
after only a few hours of stressing and the ln plots have an
approximate value of =~0.70 (reduction wave height of 0.5 uA) at
the end of sach oil's stable life. The only difference between
the 370° and 392°TF 1ln plots is that the rate of decrease for the
392°F 1n plot is about double that for the 370°F 1ln plot. The
doubled rate of decrcase for the 392°F &n plot was expected, since
the stable lives of the MIL-L-7808 oils stressed at 392°F oil are
approximately half the stable lives of the olls obtained at 370°F
(Appendix A).

Therefore, if the 1ln value of =0.70 is assigned 0% RLL
and an arbitrary ln value of 3.44 is assigned 100% RLL, the RLLAT-
RCV can be used to predict percent RLL reaardless of stressing
temperature or formulation. Howaver, the remaining hours of 1life
predictiong can not be made from a single analysisg since the rate
of decrease i3 dependent on both the stressing temperature and oil
formulation (Figures 89 and 122).

c. BEffect of 0il Formulation

To further test the formulation independence of the
RLLAT=RCV assessments, fresh candidate MIL-L-27502 lubricating oil
was studied. The antioxidant system of the candidate MIL=L=-27502 .
lubricating oil is unknown and thought to be unique. Therefore,
candidate MIL-L~27502 oil is a good oil to test the formulation
independence of the RLLAT-RCV, The cyclic and reductive-cyclic
voltammograms of the candidate MIL-L~-27502 lubricating oil are
shown in Figure 123.

The voltammograms in Figure 123 show that cyclic voltam-
metry is able to detect antioxidant(s) in the candidate MIL-L~
27502 ol and that the reduction wave B (Figure 123) is inhibited
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Figure 123, Cyclic (First Scan and Steady State) and Reductive=~
Cyclic Voltammograms of a Candidate MIL-L-~27502
011 in Acetone Using a GCE Electrode.
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by the presence of pyridazine. Similar results were obtained for
the MIL-L-7808 oils. The reduction wave C (Figure 123) is ap-
parent even in the absence ¢f pyridazine and increases when
pyridazine is present.

These initial results indicate that cyclic voltammetry
and RLLAT-RCV can be used to monitor at least one of the an-
tioxidant species in this candidate MIL-L=-27502 oil. The
relationships between the RLLAT-RCV results and the RLL of the
candidate MIL-L-27502 oil can only be established by studying
sets of fresh and stressed MIL~L-27502 oils.

d. Analysis of Used MIL~L-7808 Oils

To further evaluate the RLLAT-RCV, used MIL~L=7808 oils
(OP=232-1 through OP=-232-43) obtained from AFWAL/POSL were studied
by cyclic voltammetry. The cyclic voltammograms of the OP-232-1
through OP-232~43 o0il samples are shown in Figures 124-128. The
cyclic voltammogram of fresh TEL-=4004 MIL-L-7808 oil is included
in Figure 124 for reference.

The cyclic voltammograms in Figures 124-128 ghow that the
OP-232-4 through OP-232~12 oils are fresh or negligibly stressed
oils, while the OP=232-1 and OP~232-26 through OP=-232«43 have
undergone slight to moderate stressing. The estimation of stress-
ing is based on the fact that fresh oils (TEL=4004 oil in Figure
124) do not produce the oxidation wave A (Figures 124-128) which
has been assigned to antioxidant species generated during the
early periods of thermal=-oxidation.

The sizes and shapes of the cyclic voltammograms in

Figures 124-128 also provide formulation information. The OP-232~
4 through O0P-232-12 oils produce cyclic voltammograms of similar
size and shape indicating that the antioxidant systems of the oils
are basically the same. The sizes and ghapes of the cyclic vol-
tammograms produced by the 0P-232-26, OP=-232-29, and OP-232-43
oils indicate that their original antioxidant systems were similar
to those of the OP-232-4 through OP-232-12 oils. The 0P-232-~1 oil
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Figure 125.

Cyclic (First Scan) Voltammograms of the OP-232-7,
0p-232~8, and OP-232~9 MIL-L~7808 011 Samples in
Acetone Using a GCE Electrode.
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Figure 126.

Cyclic (First Scan) Voltammograms of the OP-232-10,
0P-232~11, and OP~232-12 MIL-1-7808 0il Samples in
Acetone Using a GCE Electrode.
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Figure 127. Cyeclic (First Scan) Voltammograms of the OP-232-26
X and 0P-232-29 MIL~L-7808 Oil Samples in Acetone
' Using a GCE Electrode.
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Cyclic (First Scan) Voltammograms of the OP-232-33,
0P-232-34, and OP-232-43 MIL-L-7808 Oil Samples in
Acetone Using a GCE Electrode.
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&% contains an antioxidant system that is slightly different from the
' OP-232-4 through OP-232-29 and OP-232-43 oils.

The sizes and shapes of the OP-232-33 and 0P-232-34 oils’
cyclic voltammograms indicate that their antioxidant systems are
similar and that their antioxidant systems'are different from the
OP-232~1 through OP=-232=-29 and OP-232-43 oils.

o Although the cyclic voltammetric analyses provide valu-
Qﬁ; able qualitative information, they are not capable of quantitative
R percent RLL assessments. Therefore, the OP-232~1 through OP=232-
43 oils were also analyzed by the RCV technique. The RCV results,
: reduction wave heights and corresponding percent RLL, are listed
- in Table 14. The percent RLL assessments were made by assigning
o the reduction wave height £n values of 3.44 and -.70, the percent
RLL of 100 and 0%, respectively. These assignments resulted in a

‘%E 97% RLL assessment for fresh TEL-4004 oil.

ﬁ% ‘The RCV results in Taktle 14 agree well with the cyclic
NG voltammetric analyses. The OP-232-4 through OP-232-12 oils have
" over 90% RLL (fresh oils) while the OP-232-26 through OP~232~-43
o oils have 88-60% RLL (stressed oils). However, the oil with the
:ﬁﬁ highest RLL, OP=232~1 o0il, was shown by cyclic voltammetry to be a

stressed oil, not a fresh oil.

In order to improve the RLL assessments of the RCV
I analyses, the D values were calculated for the OP-232-1 through
b OP-232-43 oils and are also listed in Table 14.

‘ D(UA) = steady state reduction wave height = reduction
#at wave height of first scan
1yt steady state = average of sixth through tenth scans
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i TABLE 14

- REDUCTIVE-CYCLIC VOLTAMMETRIC RESULTS

| FOR USED MIL-L-7808 OILS

;, Reduction % Remaining

2 _ Wave Height (WA) TLubricant Life D (uA)

c '
oP-232-1 31.0 99.8 3.2 y

. OP-232-4 24.0 93.4 6.0

"y 0pP-232-6 27.2 96.6 6.7 .

3 QP-232-7 28.0 97.3 7.8
OP-232-8 28.0 97.3 7.2

g OP-232-9 28.0 97.3 8.0

v OP-232-10 28.5 97.7 8.6

e oP-232-11 28.5. - 97.7 8.2

} OP-232-12 25.3 94.8 6.0

.L."" OP-232"26 17 .4 85-0 3.2

o OP-232-29 19.3 88.0 3.2

X , ey

e OP-232-33 10.2 72.3 ‘ 2.0

A

; OP-232-34 6.3 60.2 1.2

i OP-232-43 20.6 88.1 3.0

H:' )

P, Fresh TEL-4004 28.0 97.3 8.4
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b The D values in Table 14 are between 6.0 and 8.6 for the
0P-232-4 through OP-232-12 oils indicating that they are fresh (D
value of fresh TEL-4004 = 8.4), but are between 3.2 and 1.2 for

4! the OP-232-1 and OP-232-26 through OP-232-43 cils, indicating that
A they are stressed oils (full agreement with cyclic voltammetric
- results). Therefore, by using both the % RLL and the correspond-
ing D value of the RCV analysis, a more comprehensive, accurate
RLL assessment can be made by the RLLAT=-RCV,

e. Analysis of Authentic Used MIL-L-7808 and MIL-23699 Oils

_ Although the used MIL-L-7808 oil samples provided Ly
. AFWAL/POSL ware used to demonstrate the capability of the RLLAT~
. RCV to analyze used MIL~L-7808 oils with unknown formulations, the
ﬂﬁ‘ analyses could not be used to evaluate the RLL assessing
capabilities of the RLLAT-RCV since the histories of the used MIL-
Fa L-7808 o0il samples were unknown. Therefore, to further evaluate
O the RLLAT-RCV, authentic used MIL-L-7808 and MIL-L-23699 oil
it samples taken from abnormally operatlng engines were analyzed.
) The MIL-L-23699 oils were included in this study to further

ng evaluate the formula independence of the RLLAT-RCV results. The

N

)

plots of the £n wvalues of the RCV wave heights versus hours since
X oil change are shown in Figures 129-131. The Fe concentrations
(SOAP determined: emission spectrometer} for each series of oil
samples are also listed in Figures 129-131 to indicate the

L}
3 severity of wear occurring in the engine.
[}

The plots in Figures 1292-131 indicate that two main RLL-
severity of wear relationships arve represented by the series of
£\ ¢il samples. In the first case, the severity of wear increases
QQ resulting in a rapid decrease of the oil sample's RLL, e.g.,

o sample ceries: H62, F51, and H99 (Figures 129 and 130). 1In fact,
- . the sharp decrease in the RLL is a better indication of severe

i wear than the Fe concentrations for the sample series F51 and F52
‘ (Figure 129) taken from the engines that failed before SOAP

Rb(x detection.
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In the second case, it appears that the oil has reached
the end of its stable life several hours prior to the occurrence
of abnormal wear, e.g., H97 and H95 (Figure 131).

The plots in Figures 129-131 also indicate that oil
additions were bheing performed causing the RLL of the oil samples
to increase or reach a steady state value. Unfortunately, the
times and amounts of the oil additions were not recorded so that
the complete relationships between the RLL and severity of wear
could not be determined. The oil additions also complicate the
hours of RLL assessments.

One interesting fact obtained from Figures 129-131 is
that the assignment of 0% RLL to a RCV wave height of 0.5 uA
appears to be too'low for the MIL-L=-23699 oils. Samples H97 and
H95 (Figure 131) decreased to a RCV wave height of 1.0 uA and then
remained constant, even though the hours of use increased.
Therefore, it appears that for MIL-L-23699 oils, 1.0 pA (£n value
= 0.0) should be assigned 0% RLL. Ncne of the used MIL-L-7808
oils appeared to reach the end of their stable lives (lowest value
9.1 pA: £€n value = 2.20) so that an evaluation of the 0% RLL
assignment of 0.5 pA for the MIL~L-7808 oils could not be made.

Except for the slightly higher 0% RLL, the RCV results do
not appear to be affect:d by the formula differences betwsen the
MIL-L-7808 and MIL-L-23699 oils. In fact, the higher 0% RLL may
be a result of operating condition differences (bulk oll tempera-
ture, aeration rates, etc.) between the J79 and F~100 engines
(MIL-L~7808 o0il) and the T56 engine (MIL-L-23699 o0il) rather than
oil formulation differences.

f. Effect of 0il Addition

The RLLAT-RCV versus hours since oil changes plots
(Figures 129-131) for the used MIL-L-7808 and MIL-L-23699 oil
samples indicate that oil additions caused the RLL life of the oil
gsamples to increase or reach a steady state value. Unfortunately,
the times and amounts of the oil additions were not recorded so
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that the effects of the oil additions on the RLL assessments of
the RLLAT=RCV could not be determined.

Therefore, an oil addition study using Federal Test
Method Standard 791 Method 5307.1 was performed. Samples of TEL-
4004 MIL-L~7808 o0il were stressed at 347°F and diluted with TEL~
4001, TEL-4003, and TEL-4004 MIL-L-7808 oils at regular intervals.
The RLLAT-RCV analyses of the diluted TEL=-4004 oil samples were
then plotted versus stressing time at 347°F to determine the
effects of o1l dilution and formulation mixing on the RLL assess-
ments of the RLLAT-RCV (Appendix B). '

Four different TEL=-4004 oil samples stressed at 347°F
were sampled and diluted at regular intervals. Two of the TEL-
4004 o0il samples, DIL~1 and DIL-2, were diluted with fresh TEL-
4004 oil (20 ml) at differing intervals, 48 and 192 hours,
respectively, to simulate jet engines undergoing rapid and slow
oil losses, respectively. The other two TEL-4004 oil samples,
DIL-3 and DIL-4, were diluted with fresh TEL-4001 and TEL-4003
oils, respectively, at 48 hour intervals to determine the effects
of formulation mixing on the RLLAT-RCV results. The plots of the
RLLAT-RCV analysis versus stressing time at 347°F for the DIL-1
through DIL-4 o0il samples are shown in Fiéures 132-135,
respaectively. The COBRA reading versus stressing time at 347°F
plots for the DIL=-1 through DIL-4 oil samples are included in
Figures 132~135 to estimate the oxidative degradation of the
stressed oil samples.

As seen in PFigures 132, 134, and 135, the oil additions
of fresh TEL-4004, TEL-4001 and TEL-4003 oils cause the RLLAT«RCV
analyses of the DIL-1, DIL-3, and DIL-4 oil samples, respectively,
to obtain steady state values after the third or fourth additions
of fresh oil. However, the steady state value attained by each
sample is affected by the formulation of the oil being added. The
TEL-4003 oil has the longest stable life (320 hrs at 370°F) and
produces the highest steady state value of 12.5 A, while TEL-4001
0il has the shortest stable life (105 hrs at 370°F) and produces
the lowest steady state value of 5 uA. The TEL-4004 oil has a
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Plots of the RCV Wave Height and COLRA Reading Versus

Stressing Time (347°F) for the DIL-2 0il Samples.

Figure 133.
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B stable life of 205 hrs at 370°F and produces a steady state value
) of 10 uA.

The plots of the RLLAT-RCV results in Figures 132, 134
: and 135 also show that the effect of the oil addition increases
R with stressing time. In fact, the first oil addition performed at
. 46 hours of stressing had no effect on the RLLAT-RCV results.
3 After the first addition, the successive oil additions of the MIL-
L-7808 oils produced fairly constant increases in the RCV results.
. The TEL-4003, TEL-4004, and TEL~400l1 oils produced increases of
' 5.5, 4.5, and 2.0 pA, respectively, in the RLLAT-RCV results; in
n full agreement with their respective stable lives periods (370°F)
f~ of 320, 205, and 105 hours. S

The plots of the RLLAT=RCV results for the DIL-l and DIL-
2 o1l samples shown in Figures 132 and 133, indicate that the

N effect of the oil addition on the RCV results may also be depend-
g ent on the time intervals at which the oil additions are made.
3f For the oil addition intervals of 48 and 192 hours, the addition _
"o of TEL-4004 oil produced increases of 4.5 and 7.5 pyA, respectively .
B in the RLLAT=RCV results of the DIL~1 and DIL-2 oil samples.
g? Since the RCV results decrease to a steady state value
- for the DIL-1, DIL-3, and DIL-4 oil samples, the increase in the
o RLLAT~RCV results raused by the oil additions must be equal to the
&l decrease in the RLLAT-RCV results caused by the stressing between
%& successive 0il additions. Therefore, if the operating conditions )
R of the jet eangine change, causing an increase in the severity of
h; the stressing conditions {temperature, air flow rate, etc.) of the
Eg _ lubricating oil, the decrease between successive oil additions
éﬁ will accelerate and a change in the steady state value of the
Oy, RLLAT=-RCV results will occur.
i '
: ‘
(3
3
ba
i
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To simulate a jet engine in which the stresaing condi-
tions of the lubricat;ﬁq ¢il are becoming more severe, the
stressing temperatures of the DIL~1l through DIL~4 oils were in-
creased after 335 hours from 347 to 370°F. The in values of the
RLLAT=RCV results of the DIL-1l through DIL-4 oils from 193 hours
of stressing (347°r) to 400 hours of stressing (370°F) were
plotted vofsﬁq stresaing time as shown in Figuxe 136. ' .

" The plots in Figure 136 show that the in of the RLLAT=RCV
results of the DIL-1 through DIL-4 oils decrease at fairly con-
stant rates between successive oil additions, and that, increasing
the temperature from 347 to 370°F dramatically increases the rates
at which the in of the RCV results decrease. The rates at which
the in of the RCV results decrease betwoen successive oil addi-
tions is approximately doubled by the 347° to 370°F temperature

_increase.

. Summary of RLLAT Based on RCV

The initial investigation showed that the RLL assessment
capabilities of the RLLAT=-RCV were independent of temperature and
that the RLLAT-RCV has potential for RLL assessments of lubricat-
ing oils other than MIL~-L-7808 oils, e.g, MIL-L-23699 and MIL-L~-
27502 lubricating oils.

For jet engines which require infrequent oil additions,
the RLLAT=RCV results can be used to assess the perceht RLL of
individual used oil samples and the rate at which the RCV results
decrease with operating time can be used to predict the hours of
RLL for the jet engine under normal operating conditions. When

the jet engine's operating conditions become abnormal, the rates .
at which the RLLAT=-RCV results decrease versus hours since oil

T —
-

A

change accelerate, enabling the detection of the abnormal operat-
ing conditions.

For jet engines which require frequent oil additions, the
RLILAT=RCV results can be used to assess the percent RLL of in=-
dividual used oil samples, but because freqguent oil additions
maintain the RLL of the used lubricating oil at an acceptable
level, the hours of RLL predictions are meaningless. However,
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RS when the jet engine's operating conditions become abnormal, the
rates at which the RLLAT~RCV results decreaca between oil addi-
tions accelerate, enabling the detection of abnormal operating
conditions.
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SECTION III
CONCLUSIONS AND RECOMMENDATIONS

During Task 1 of this investigation, numerous analytical
techniques with potential for development into a RLLAT were
identified (Table 2) and evaluated for use by the Air Force. Of
the analytical techniques identified in Task 1, only the voltam-
metric, differential scanning calorimetric, and colorimetric
techniques were capable of assessing the RLL of MIL-L-7808 oils.
The modified Ford method was also capable of assessing RLL of
MIL-U-7808 oils, but the use of the unstable free radical in-
itiator solution and the length of the analysis time (>15 minutes
for fresh MIL-L-7808 oils) made the modified Ford method un-
suitable for use by the Air Force. The remaining analytical
techniques listed in Table 2 had limited RLL assessing
capabilities. Consequently, RLLAT candidates were developed from
the voltammetric, differential scanning calorimetric, and
colorimetric techniques in Task 2.

In Task 2, two voltammetric techniques, CV and RCV, were
developed into RLLAT candidates and then evaluated using the
criteria in Table 1. It was shown that the results of the CV
technique could be used to identify the type of antioxidant(s)
present in a fresh MIL-L-7808 0il and to estimate the oxidative
degradation of a MIL-L-7808 oil. However, the CV technique could
not be used to assess the RLL of MIL~L-7808 oils containing
phenothiazine or other sulfur containing anticxidants. In con-
trast to the CV technique, the RLL assessments of the RCV
technique were accurate (linear relationship between RCV results
and RLL assessments) and formula independent. A microcomputer-
based data acquisition system was incorporated into the RCV to
produce a RLLAT candidate that had potential for base-level
operation and RLL assessments.

Two differential scanning calorimetric techniques, HP-DSC
and SP-DSC, were also develoned into RLLAT candidates and then

evaluated (criteria in Table 1) in Task 2. It was determined
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that the formula dependence of the HP-DSC technique's RLL assess-
ments was affected by the method used to interpret the HP-DSC
results. The onset of reaction time resulted in the most ac-
curate and the least formula dependent RLL assessments for the
HP-DSC technique. The SP-DSC technique, which eliminated the
high pressure requirementg of the HP-DSC technique, also produced
formula independent RLL assessments. However, inflection points
in the SP-DSC resuli versus RLL plots of the different MIL-L-7808
oils reduced the accuracy of the SP-DSC RLL assessments. The
development of the HP-DSC and SP-DSC techniques into RLLAT can-
didates was limited by the techniques' high instrumental and
operational costs (Table 13).

The last analytical technique to be developed into a RLLAT
candidate and then evaluated (criteria in Table 1) in Task 2 was
the colorimetric technique. The colorimetric technique produced
formula independent RLL assessments, but the accuracy of the RLL
assessments was reduced by the inflection points in the
colorimetric result versus RLL plots of the different MIL-L-7808
oils. Also, the fresh MIL-~L-7808 oils did not produce induction
times for the colorimetric technique making the interpretation of
the results difficult. The development of the colorimetric
technique into a RLLAT candidate was limited by the difficult
interpretation of the results and by the toxicity of the cumene
hydroperoxide used by the technique.

The results of Task 2 showed that the RLLAT candidate based
on the RCV technique was the least expensive, most rapid, and
easiest to operate RLLAT candidate and that the RCV technique
produced the most accurate RLL assessments (Table 13).
Therefore, a RLLAT based on the RCV technigue was developed in
Task 3.

The results in Task 3 showed that the RLLAT-RCV could be
used to assess the RLL of MIL-L-7808 oils stressed at different
temperatures, of different type lupbricating oils, and of authen-
tic used MIL-L-7808 and MIL-L-23699 oil samples. The results of




Task 3 also showed that the RLLAT-RCV was able to detect engines
experiencing severe wear.

Therefore, a RLLAT based on the RCV technique has been
developed which is capable of accurately assessing the RLL of
MIL-L-7808 oils and has potential for use by the Air Force. The
initial results of this investigation indicate that the RLLAT=~RCV
could be used to eliminate the need for scheduled oil changes and a
to improve the capability of the Air Force's Spectrometric 0Oil
Analysis Program to detect engines experiencing severe wear.
Thus, the RLLAT=-RCV has the potential of providing the Air Force
with increased fleet reliability in addition to savings in
material and labor costs.

Due to the successful development of the RLLAT=-RCV and the
potential benefits to the Air Force, it is recommended that
prototypes of the RLLAT-RCV be produced. The prototypes should
then be field tested to evaluate their ability to eliminate
scheduled oil changes and to detect engines experiencing severe
wear. In order that the full potential of the RLLAT-RCV be
attained, the RLL assessment capabilities of the prototype need
to be evaluated for different types of lubricating oils, e.g.,
MIL-L-7808 and MIL-L-23699 oils.
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APPENDIX A - PREPARATION AND CHARACTERIZATION OF STRESSED
MIL-L~-7808 OIL SAMPLES

A.1 Introducton

To develop the RLLAT candidates, sets of stressed oil
samples were prepared from the TEL-4001 through TEL=-4006, TEL-
5001, and TEL-5002 MIL-1.-7808 lubricating oils using Federal Taest
Method Standard 791 Method 5307.1 at stressing temperatures of
370°F and 392°F, The stressed oil samples were thoroughly
characterized by viscosity (40°C), total acid number (TAN), COBRA
measurement, and magnesium (Mg) concentration. The antioxidants
in the stressed oil samples were identified and quantified by gas
chromatography using a thermionic specific (nitrogen~phosphorous
sensitive) detector,

The physical properties and antioxidant concentrations of
the TEL-4001 through TEL-4006, TEL-5001, and TEL-5002 MIL-L-7808
oils were then plotted versus stressing time at 370°F and 392°F.
The plots were used to determine the stable lives of the TEL=-4001
through TEL-4006, TEL-5001, and TEL=5002 oils and to determine
the relationships that exist among the physical properties,
antioxidant concentrations, and the RLL of the MIL-L-7808 oils.

A.2 Physical Propertjes of the TEL-4001 through TEL-4006
MIL-L-7808 Oils Stressed at 370°F

The plots of the COBRA reading, viscosity (40°C), TAN, and
Mg concentration versus stressing time are shown in Figures A-l-
A-6 for the TEL-4001 through TEL-4006 MIL-L-7808 lubricating
oils, respectively.

As seen in Figures A-1-A-6, during the early hours of
thermal-oxidative stressing the values of the physical properties
increase at a moderate rate. After the initial rise, the values
of the physical properties increase at a much slower, steady rate
up "o the time of the dramatic rate increase that occurs at the
end of the oil's stable life.

To determine the stressing time at which the breakpoint
occurs (oil's stable 1life ends), the flat porvions of the physi-
cal property plots were extrapolated to a stressing time past the
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dramatic rate increase as shown in Figure A-i1. The stressing
time at which the physical property plot diverges from the ex-
trapolated plot is defined as the breakpoint of the physical
property plot. The stable lives of the TEL-4001 through TEL-4006
MIL-L=-7808 oils as defined by the breakpoints of the viscosity
(40°C), TAN, COBRA reading, and Mg concentration versus stressing
time plots in Figures A-1-A-6 are listed in Table A-l,

Except for the TEL-4003 oil, the viscosity (40°C) and TAN
versus stressing time plots (Figures A-1-A-6) for the TEL-4001
through TEL=-4006 MIL-L-7808 oils contain breakpoints which are
well-defined and are in good agreement (Table A-1).

For the TEL=-4003 oil, the viscosity (40°C) and TAN versus
stressing time plots (Figure A-3) do not contain dramatic rate
increases. In fact, the viscosity (40°C) and TAN plots each
contain a rate decrease at approximately 240 hours.

Except for the TEL-4003 and TEL-4006 oils, the Mg concentra-
tion versus stressing time plots (Figures A-1-A-6) indicate that
corrosion of the Mg specimen occurs soon after the dramatic rate
increases in the viscosity (40°C) and TAN plots. For the TEL-
4006 oil, Mg corrosion is significant 80 hours prior to the
breakpoints of the viscosity (40°C) and TAN plots. For the TEL-
4003 oil, Mg corrosion is significant after 170 hours of thermal
oxidative stressing:; rate decreases of viscosity (40°C) and TAN
plots occurred at 240 hours.

Of the physical properties plotted, the COBRA plots are the
least informative in determining stable lives (Figures A-1-A-6).
The COBRA measurements for the TEL-4001, TEL-4003, and TEL-4006
oils went off scale (>200) before the oils' stable lives ended,
while the COBRA measurements for the TEL-4002 and TEL-4004 oils

' did not increase dramatically until 24-48 hours after their

stable lives had ended. 'The COBRA measurements for the TEL-4005
0il remained fairly constant 24 hours after its stable life had
ended, even though the TAN had increased dramatically
(Pigure A-5).
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TABLE A-l

BREAKPOINTS OF PHYSICAL PROPERTY VERSUS STRESSING TIME
‘ PLOTS FOR 370°F

MIL-L~7808 0il

TEL-4001
TEL-4002
TEL-4003
TEL=-4004
TEL-4005
TEL~-4006
TEL-5001
TEL-5002

®No stable life.

bWent off scale prior to breakpoint.

105
170
240
205
155

315

240
110

Breakpoints (Hours)

105
180
240
205
165
325
>140°

>250b
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0
210
»270
230
»195
»305
240
o]

Viscosity (40°C) TAN  COBRA

b

b
b

Mg

chncantration

105
210
140
230
170
240
350

50
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o A.3 Physical Properties of the TEL-4001 through TEL-4006 MIL-
o 7808 Oils Stressed at 392°F

. In order that the effects of temperature on the results of

x ' the RLLAT candidates could be studied and because the physical

" property versus stressing time at 370°F plots did not produce a
well-defined stable life for the TEL~4003 o0il, the TEL-4001
through TEL-4006 MIL-L-7808 oils were stressed at 392°F'. The
plots of the COBRA reading, viscosity, TAN, and Mg concentration

! versus stressing time at 392°F are shown in Figures A-7-A-12 for
the TEL-4001 through TEL-4006 oils, respectively.

Except for the TEL-4003 oil, the viscosity and TAN versus
“ stressing time at 392°F plots for the TEL-4001 through TEL-4006
MIL-L~-7808 lubricating oils exhibit breakpoints which are well
defined and are in good agreememt (Table A-2). Although the
. stable life of the TEL-4003 oil ends at 130-140 hours, the
' ; dramatic rate increase is suppressed due to Mg corrosion until
oy 180-190 hours (Figure A-9).

B As was the case for the oils stressed at 370°F, the COBRA
measurements for the TEL-4001, TEL-4003, and TEL~4006 oils went
i off scale (>200) before their respective stable lives ended,

§0 while the COBRA measurements for the TEL~4002 and TEL-4004 oils

' did not increase dramatically until their stable lives had ended.

W The COBRA measurements for the TEL-4005 oil remained fairly
.”& constant 24 hours after its stable life had ended, even though
)

W the TAN had increased dramatically.

The results for the COBRA, viscosity, and TAN measurements
& are similar to those reported for the 370°F stressed samples
.’a . except that the stable lives are approximately half as long at
392°F as they are at 370°F, The 50 percent decrease in stable
life was expected since the rate of reaction approximately
doubles when the stressing time is increased by 10°C (18°F),.

QR These results imply that the thermal-oxidation mechanisms of the
[}
ﬁ: MIL-L-7808 oils are not affected by the temperature increase.
)
e However, it appears that the reactions of the degradation

products are affected by the increase in temperature. Deposits
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TABLE A~2

BREAKPOINTS OF PHYSICAL PROPERTY VERSUS STRESSING TIME

PLOTS FOR 392°F

Breakpoints (Hours)

Viscosity (40°cC)

MIL-L-7808 0il

TEL-4001
TEL=-4002
TEL-4003
TEL-4004
TEL-4005
TEL-4006

8No stable life.

60
90
140
85
75
150

65
90
130
80
80
160

TAN

bWent off scale prior to breakpoint.
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COB!’A

125
>200
110
125
60

Mg
Jui.centration

65
140
135
110

90

70



..K” were observed on the inside of the TEL=-4001 oil's reaction tube j

R during the first 24 hours of stressing at 392°F, but not at =
N 370°F. The deposition ended after 24 hours and did not reoccur
jﬁ for the rest of the test. Although the Mg corrosion characteris-
&\ tics of the TEL-4001 through TEL-4005 oils were similar at 370° L
'ﬁ: ) and 392°F (Mg corrosion began after the stable lives for the TEL~ T

. 4001 through TEL-4005 oils had ended) the Mg corrosion for the

ﬂ: TEJ.-4006 o0il initiated after only 50 hours (stable life = 150-160
%: ) hours) at 392°F, while Mg corrosion initiated just prior to the

o end of the oil's stable life at 370°F.
€, The results of the 392°F stressling temperature study indi-
iﬁ cate that basing the stable life determination of the TEL-4003
3? . o0il on the small inflections in the oil's viscosity and TAN plots
3? (Figure A-3) was correct. The stable life of 130-140 hours f
‘M determined for the TEL=-4003 o0il at 392°F is approximately half
$; the 240 hours stable life determined for the TEL-4003 oil at .
%. 370°F using the small inflections in the viscosity and TAN plots '
Ry (Figure A-3). Also, the Mg corrosion that suppressed the

dramatic rate increase of the TEL-4003 oil's 392°F plots
(Figure A-9) is also present at 370°F (Figure A-3), and is f

“:E thought responsible for the absence of the dramatic rate increase f
R}
‘i at the end of the TEL-4003 oil's stable life at 370°F,.
B A.4 Physical Properties of the TEL-5001 and TEL-5002 MIL=-7808 :
o Oils Stressed at 370°F
vg' X
'ﬂ: The plots of the COBRA reading, viscosity (40°C), TAN, and -
gk ) . . ] .
’ Mg concentration versus stressing time are shown in Figures A-13- -
?; A-14 for the TEL-5001 and TEL-5002 oils, respectively.

The plots of the viscosity versus stressing time at 370°F
i for the TEL-5001 and TEL-5002 MIL-L-7808 lubricating oils
(Figures A-13 and A-14) exhibit breakpoints at approximately 240

kﬁ and 110 hours, respectively. However, the COBRA measurements for \
W x
Y the TEL-5002 oil go off scale (>200) before 30 hours of stressing 3
[

*' at 370°F, while the COBRA measurements of the TEL-5001 oil ex- *

hibit a breakpoint similar to that of the viscosity plot.
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In contrast to the TAN plots of the TEL-4001 through TEL-
4006 MIL-L-7808 oils stressed at 370°F, the TAN plots of the TEL-
5001 and TEL=-5002 oils do not exhibit well-defined breakpoints.
The TAN plot of the TEL~5001 oil exhibits a slight rate increase
at approximately 150 hours of stressing, but the rate of TAN
increase remains slow throughout the remaining stressing time up ‘
to 400 hours. The slow increase in the TAN of the TEL-5001 oil
versus stressing time is not due to suppression by Mg corrosion
since the Mg concentration is only 60 ppm after 400 hours of
stressing (viscosity plot breakpoint = 240 hours).

However, the absence of a breakpoint in the TAN plot of the
TEL-5002 0il may be due to suppression by Mg corrosion, since Mg
corrosion begins at 50 hours and the Mg concentration is ap-
proximately 100 ppm after 125 hours of stressing (viscosity plot
breakpoint = 110 hours).

A.5 Identification of the Antioxidants Used in the MIL-L-7808
Lubricating Oils

The fresh and stressed lubricating oil samples of each MIL-
L-7808 oil, TEL-4001 through TEL-4006, were analyzed by the gas
chromatographic procedure employing the thermionic specific
detector which is only responsive to nitrogen and phosphorus
containing compounds. An internal standard (INT STAN in
Figure A-15) was used to determine the concentration of the known
antioxidants.

The MIL-L-7808 lubricating oils can be separated into three
main groups (a) TEL-4002 through TEL-4005, (b) TEL-4001, TEL-
4006, and TEL-5002, and (¢) TEL-5001. The TEL=-4002 through TEL=-
4005 oils contain differing amounts of PANA and DODPA. Examples
of the chromatograms produced by the fresh and stressed TEL-4002

, through TEL-4005 oils are shown in Figure A-15. «
ﬁé The chromatograms of the TEL-4002 through TEL-4005 oils
Q contain peaks assigned to PANA and DODPA and also one large broad
peak around 8 minutes (Figure A-~15) which is assumed to be
w tricresyl phosphate (P containing). The other intaresting
'ﬁ feature displayed by the chromatograms of the TEL-4002 through
i
ot
. 268

e

: CHAA NG LN
SR LA “M"“"‘\ \. lo..‘ q\ . .'ﬁp. ”“H’”

W r Fx . ; e qds ) .
"' ".,l.'..‘ .l'. l., ; "\’l“.h ! t.'.'l.,\ &:‘_.i‘!.t |"Jn 0.9 ."!'.'Q -!':. .?" nﬁ“e H ‘i’ .5 |.'- / "Q.: \? }: '



STai.

INT,

Fresh
;
¢
! ! 72 Hours
3 <
]
j o I
g |
N T 2
‘ ;16 Hours 116 Hours
: \| !
4 \ e A

<
H z a
i I

' | = ' 24 Hours
E | 191 Hours
( e A
: & 48 Hours
; E
(R 1 U 263 Hours
|

,.L h ' ) 1 '

N : ; ~ “
4 W l:‘: :3 W &y -}
- 4
A : .
y Retention Time (Minutes) Retention Time (Minutes)
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TEL-4004 MIL-L-7808 Oils.
(3
{
l
i
|
. 269
‘ ;
| :
FIGMN S/ NN A A0 B, MO AP P e N B M AN KA AN SN K TN IR N TR MRS KA NN N M I MMM BN AR 2 KT AN R T K



TEL-4005 oils is that peaks with retention times of 12 and 18

minutes (Figure A-15) are present in the stressed oil samples but

not in the fresh oil. The peak at 18 minutes is at a maximum in

the early stages of oxidation (16 hours at 370°F) and then

derreases with stressing time. in contrast, the peak at 12

minutes increases with stressing time. Therefore, - .¢ peaks are )
assigned to oxidation products of PANA and DODPA. ' e peak at 18
minutes appears to have antioxidant capacity (decreases with

stressing time), while the 12 minute peak does nct appear to have
antioxidant capacity (increases with stressing time).

In the second class of MIL-L-7808 oils, TEL-4001, TEL-4006,
and TEL-5002, the principal antioxidants are identified as octyl-
PANA and DODPA (Figures A-16-A-18). Unlike the first class of
oils, the TEL-4001 and TEL-4006 oils also appear to contain other
nitrogen (or phosphorus) containing compounds (Figures A-16 and
A-17) while the TEL-5002 oil appears to contain only octyl-PANA
and DODPA (Figure A-18). Also, the TEL-4001 and TEL-5002 oils
appear to contain tricresyl phosphate (strong, broad peak at
around 8 minutes in Figures A-16 and A-~18), but the TEL-4006 oil
does not contain any strong, broad peaks (Figure A-~17).

The fresh TEL-4001 oil's chromatogram (Figure A-16) contains
a very strong, broad peak that elutes at a retention time of 1.6
minutes just after the internal standard. The peak at 1.6
minutes decreases with stressing time and is no longer detectable
at 137 hours (Figure A~16). The TEL-4006 oil's chromatograms
(Figure A-18) contain three sharp peaks at 2.6, 5.0, and 8.1
minutes which decrease with stressing time. Since the unknown
peaks in the TEL-4001 and TEL-4006 oils decrease with stressing .
time, they are speculated to have antioxidant capacities. The
TEL-4001, TEL-4006, and TEL-5002 oils did not produce the new

3\ species seen in the chromatograms of the TEL-4002 through TEL- ’
O

0y 4005 oils (Figure A-15).

]

N

ﬁf The third class of MIL-L-7808 oils consists of the TEL=5001
” oil. The gas chromatogram of the fresh TEL-5001 oil in

I. \}

#ﬁ Figure A-19 contains peaks assigned to DODPA (10.3 minutes) and
i
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Figure A-18, Gas Chromatogram of the Fresh TEL-5002 MIL-L-7808 01i1l.
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Figure A-19. Gas Chrouatogram of the Fresh TEL-5001 MIL-L~7808 Oil.
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o' phenorhiazine (3.2 minutes). 1In contrast to the TEL-4001 through
g TEL~4006 and TEL-5002 oils, the TEL-5001 oil does not contain
PANA or octyl—-PANA. The compound at 3.2 minutes was identified

5% as phenothiazine by adding phenothiazine to the fresh TEL-5001

%ﬁ oil and observing that the size of the peak at 3.2 minutes in-

?? creased in size without the formation of a new peak. Therefore,
‘ the retention times of phenothiazine and the unknown compound are

ﬂ; identical. Although the matching of gas chromatographic retention

{f ) times can not be used for absolute identification of an unknown

N compound, the identification by gas chromatography was adequate

for this investigation.

:& A.6 Antioxidant Concentration versus Stressing Time at 370°F

Sg Plots for the TEL-4002 through TEL-4005 MIL-L-7808 Oils

Eﬂ The plots of the PANA and DODPA concentrations versus

o stressing time at 370°F for the TEL-4002 Ehrough TEL-4005 oils

%ﬁ shown in Figures A=~20-A-23 are very similar. For each oil the

sv concentration of PANA rapidly decreases during the early stages
$§ of oxidation and is no longer detectable (less than 0.0l percent)
" after approximately 30 hours of oxidation (Figures A-20-A-23)

yid regardless of the PANA's original concentration or the oil's

ﬁg stable life. Although only a few points are available, the plots
i of the PANA concentration versus stressing time appear to be

linear indicating that the PANA depletion reaction is zero

|Q' ()rder.

$ﬂ In contrast to PANA, the rate at which the concentration of
£ DODPA depletes is nonlinear and the concentration of DODPA is

%i detectable (greater than 0,01 percent) up to the end of the TEL-
ﬁs : 4002 through TEL-4005 oils' respective stable lives (Figures A~
l&& 20-A~-23), Since the plot of the concentration of DODPA versus
b stressing time is nonlinear, 1n of the DODPA ceoncentration was
ﬁ: ! plotted versus the stressing time at 370°F for each oil

5t (Figures A-20-A-23),

'gﬂ The plots of the 1ln of the DODPA concentration versus

: stressing time for the TEL-4002 through TEL-4005 oils shown in
ot

i3

o

Y

. 275

i




(150 30 B/Ho Bm) zequny pFOY TEIOL

—

N Q o o ~ o~ (=]
i i

vdaod 3o Juadaed jo uf

-l 00
-300

(=]
»
™
|

4 ~r o~ =] (-~} 0 5 ~N Q
. . . . L] L] »
o = - v~y

276

ey by e X
o aes et igah bab aud g a ol

Stressing Time (Hours)

ISOLEY
“n’b‘g‘:i" v

the Percent (by Weight) of DODPA, and of the Total Acid Number (TAN) versus Stressing

The Plots of the Percent (by Weight) of the Antioxidants, PANA and DODPA, of the In of
Time at 370°F for the TEL-4002 MIL-1-7808 Gil.

Figure A-20.
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N Figures A-20-A~23 consist of two linear sections with an inflec- .
! tion point occurring at about 40-50 hours of stressing time. The
inflection point occurs about 10-30 hours after the PANA is no

é: longer detectable. For the TEL-4002 through TEL-4005 oils, the {
%‘ linear section before the inflection point has a more negative @‘

" slope (faster rate of depletion), than the linear section after , B

the inflection point. Therefore, it appears that the DODPA ;

. h depletion reaction(s) is first order, and the rate of the deple- ?

i

tion is affected by the presence of PANA and/or the generated

species with antioxidant capacity. However, since the original
' concentration of PANA has an effact on the rate at which the ~
concentration of DODPA decreases with stressing t! «@ and on the o
concentration of the DODPA at the ends of the oils' stable lives o
(Figures A-20-A-23), the concentration of the DODPA cannot be X
directly related to the RLL of MIL-L=-7808 oils without prior

ﬁ knowledge of the original PANA concentration. ﬂ
)
B A.7 Antioxidant Concentration versus Stressing Time at 370°F v
W Plots for the TEL=4001 and TEL=-4006 MIL~-L-7808 0
' Oils \
.é, In comparison to the TEL=4002 through TEL=4005 oils, the %
‘ g antioxidant systems of the TEL-~4001 and TEL-4006 oils are compli- %_
d cated by the presence of other nitrogen (possibly phosphorus) ﬁ
containing compounds which deplete with stressing time and thus -
% appear to have antioxidant capacity. 1In the case of the TEL=4001 E
m oll, there is one unknown (1.6 minutes in Figure A=16). In the @
TEL-4001 oil the octyl~PANA is no longer detectable after less @
. than 30 hours of stressing at 370°F (Figure A-24). Since only ﬁ
L]

two points were obtained, no conclusions on the order of the )
depletion reaction of octyl~PANA can be made. 9

PR R X S ]

=3 e

- In contrast to the octyl-PANA, the DODPA is detectable past bl
ﬁ the end of the TEL-4001 cil's stable life (105 hours at 370°F). - #
? The 1n of the DODPA concentration was plotted versus the stress- %
‘_$ ing time and as seen in Figure A-24 the ln of the DODPA depletion ﬁ
.f reaction is linear. Thus, the depletion reaction of DODPA is it
_S first order. However, the plot of the DODPA concentration for @
$ the TEL-4001 oil (Figure A-24) does not show an intlection point g

) "
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as did the plots of the TEL-4002 through TEL-4005 oils (Figures
A-20-A-23) and does not appear to be affected by the presence of
octyl-PANA,

Since the nitrogen containing compound producing the peak at
1.6 minutes in the gas chromatogram of the TEL-4001 oil is un-
known, the nitrogen to carbon ratio is unknown, which is needed '
in the calculation of the compound's concentration. Therefore,
to study the relationship between the unknown compound and .
stressing time at 370°F, the weight fraction at each stressing
time (t) was calculated by equation (6)-.

peak area of unknown at time (t)
peak arca of unknown in fresh oil

(6) |

weight fraction at time (t) =

The plots of the weight fractions of the unknown, octyl=-PANA, and
DODPA for the TEL-4001 oil were plotted versus stressing time at
370°F and are presented in Fiqure A=-25,

The plot of the unknown versus stressing time in Figure A-25
shows that for the first 20 hours, the weight fraction, and
consequently, the concentration of the unknown remains constant.
Once the octyl=PANA 1is depleted (20 hours at 370°F), the weight
fraction of the unknown decreases with stressing time and becomes
undetectable at the end of the TEL-4001 oil's stable life. The
1n plot of the unknown versus stressing time is linear
(Figure A-25) after the first twenty hours, and thus, the deple-
tion reaction of the unknown is first order.

Therefora, the DODPA and unknown compound deplete by first
order reactions, while the order of the octyl-PANA depletion
reaction could not be determined due to a lack of data points.
The DODPA depletion reactiocn is not affected by the presence of
vctyl=-PANA, but the concentration of the unknown compound does
not decrease until the octyl--PANA is depleted.

The TEL-4006 o0il's gas chromatograms contain three peaks at
retention times of 2.6, 5.0, and 8.1 minutes (Figure A=17). As
in the TEL-4001 0il, the octyl-PANA is no longer detectable after
less than 30 hours of stressing (Figure A-26), even though the

282
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original concentrations of octyl-PANA in the TEL-4001 and TEL-
4006 oils were 0.62 and 1l.34 percent, respectively.

Again the DODPA is detectable at the end of the TEL~4006
oil's stable life. However, in contrast to the TEL-4001 oil
(Figure A=-24), the ln plot of the DODPA concentration versus
stressing time for the TEL-4006 oil consists of two linear sec-
tions (Figure A-26). The 1ln plot of the DODPA concentration has
an inflection point which occurs at 210 hours, long after the
octyl-PANA is depleted. The inflection point coincides with the
initiation of the Mg corrosion (Figure A-26).

As was the case for the TEL-4001 oil, the weight fractions
of the unknown compounds at retention times of 2.6, 5.0, and 8.1
minutes were plotted versus stressing time. Since the plots of
the unknown compounds are similar, only the weight fraction of
the 5.0 minute peak was plotted with the weight fractions of
octyl=-PANA and DODPA versus the stressing time at 370°F
(Figure A=-27). As seen in Figure A-=27 the plots of the unknown
and DODPA are similar. Although the ln plots of the unknown and
DODPA consist of linear sections, the inflection point of the
unknown occurs at 40 hours, 10 hours after the octyl=-PANA is
depleted, while for DODPA the inflection point occurs at 210
hours (Figure A=-26).

Therefore, the DODPA and unknown compound's depletion reac-—
tions are first order while the order of the octyl-PANA depletion
reaction could not be determined due to the lack of data points.
Although the DODPA depletion reaction is not affected by the
presence of octyl-PANA, the depletion reactions of the unknown
compounds are affected.

A.8 Antioxidant Concentration versus Stressing Time at 370°F
. Plots for the TEL-5001 MIL-L-7808 Oil

The antioxidant plots of the TEL=5001 o0il are shown in
Figure A-28. The plots of the DODPA concentration in the TEL~-
5001 o0il (Figure A-28) show that DODPA depletes by a more
complicated mechanism that the DODPA in the TEL-4001 through TEL-
4006 o0ils (Fiqures A-20--A-27). For =he first 90 hours of
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stressing at 370°F the DODPA depletes rapidly, then from 90 to

190 hours of stressing the DODPA concentration remains fairly

constant, and after 190 hours of stressing the DODPA again

depletes rapidly uncil it is no longer detectable at 290 hours of
stressing. The slight rate increase in the TAN plot corresponds

with the stressing time (90 hours at 379°F) at which the DODPA ’
concentration becomes constant.

In contrast to DODPA, phenothiazine depletes very rapidly ‘
and i3 no longer detectable after only 20 hours of stressing.
The rapid depletion of the phenothiazine is similar to the rapid
depletion of PANA and octyl=-PANA in the TEL-4001 through TEL-4006
oils (Figures A=-20-A-27). The lack of data points makes the
determination of the order of the depletion reaction for
phenothiazine unreliable.

4.9 Antioxidant Concentration versus Stresgging Time at 370°F
Plots for the TEL=5002 MIL-L=7808 OLL

The antioxidant plots of the TEL-5002 oil are shown in
Figure A~29. The plots of the DODPA concentration in Figure A=-29
show that the DODPA in the TEL-5002 oil depletes by a first order
reaction. However, in contrast to the TEL-4001 and TEL-4006 oils
(Figures A-24-A-27) which contain octyl-PANA, the plot of the
DODPA for the TEL-5002 oil (Figure A-29) contains an inflection
point at the stressing time the octyl-PANA is no longer
detectable. Thus, the DODPA plot of the TEL-5002 oil is more
similar to the DODPA plots of the PANA containing TEL-4002
through TEL=-4005 oils (Figures A-20~A-23) than the octyl-PANA
containing TEL~4001 and TEL-~4006 MIL-L-7808 oils (Figures A-~24-A-
27). The DODPA is detectable past the end of the TEL-5002 oils' .
stable life (viscosity breakpoint) of 110 hours at 370°F. .

As was seen for the TEL-4001 and TEL-4006 oils, the octyl=- ’
PANA in the TEL-5002 c¢il (Fiqure A-29) depletes very rapidly and
is no longer detectable after only 15 hours of stressing. The
lack of data points makes the determination of the order of the
octyl-PANA depletion reaction unreliable.
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A.10 Antioxidant Concentration versus Stressing Time at 392°F
Plots for the TEL-4001 through TEL-4006 MIL-L~7808 Oils

As was seen for the MIL-L-7808 oils stressed at 370°F, the
plots of the PANA in the TEL-4002 through TEL-4005 oils
(Figures A-30-A-33) and octyl-PANA in the TEL-4001 and TEL-4006
oils (Figures A-34-A-35) deplete very rapidly. Regardless of the R
oils' stable lives (60~160 hours) at 392°F, the PANA and octyl=
PANA could no longer be detected (less than 0.0l percent) in the
stressed TEL-4001 through TEL-4006 oils (Figures A-30-A-35) after
20 hours of stressing.

The plots in Figures A-30-~A-35 show that the DODPA depletes
by a first order reaction and is detectable at the end of each
oil's stable life. As with the stressed oils at 370°F, the DODPA
plots show an inflection point soon after the PANA is depleted
(TEL-4002 through TEL-4005 oils) and not when octyl=-PANA is
depleted (TEL=4001 and TEL-4006 oils). The DODPA plot of the
TEL-4006 oil shows an inflection point near the end of its stable
life as it did at 370°F.

The unknown compounds in the TEL-4001 and TEL-4006 oils
(Figures A-36 and A-37) depleted by first order reactions at
392°F as they did at 370°F and are detectable up to the ends of
the oils' stable lives.

A.1ll1 Summary of the MIL-L-~7808 QOils' Characteristics

The investigation to prepare and characterize the MIL~L-
7808 oils showed that the TEL-4001 through TEL~4006, TEL=-5001,
and TEL-5002 MIL-L-7808 oils contain a variety of antioxidant
systems resulting in a wide range of stable lives at stressing
temperatures of 370° and 392°F. The TEL-4002 through TEL-4005
MIL-L-7808 oils contain differing amounts of PANA and DODPA and
I have stable lives (average of viscosity and TAN breakpoints in
&‘: Tables A-l and A-2) of 175, 240, 205, and 155 hours at 370°F and
#ﬂ of 90, 135, 85, and 75 hours at 392°F, respectively.
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In addition to the original antioxidants in the TEL-4002
through TEL=-4005 oils, species are generated during thermal-
oxidation stressing which appear to have antioxidant capacities,
i.e., deplete with stressing time.

The TEL-4001, TEL-4006, and TEL-5002 MIL-L-7808 oils con-
tain differing amounts of octyl-PANA and DODPA and have stable
lives of 105, 320, and 110 (viscosity breakpoint for TEL=-5002
oil) hours at 370°F, respectively, and the TEL=-4001 and TEL-4006
oils have stable lives of 60 and 155 hours at 392°F (the TEL=-5001
oil was not stressed at 392°F). The TEL-4001 and TEL-4006 oils
also contain unknown compounds that appear to have antioxidant
capacities.

The TEL-5001 MIL-L-7808 oil contains phenothiazine
(preliminary determination) and DODPA and has a stable life of
240 hours (viscosity breakpoint) at 370°F. The stable lives of
the MIL-L-7808 oils at 370°F and the concentrations of the an-
tioxidants in the fresh MIL~L-7808 oils are listed in Table 5.

The PANA, octyl-PANA, ard phenothiazine present in the
different MIL-L-7808 oils deplete rapidly and are no longer
detectable after 15-60 hours of stressing at 370°F and after 5-25
hours of stressing at 392°F regardless of the oils' stable lives.
The order of the PANA, octyl-PANA, and phenothiazine depletion
reactions could not be determined due to the lack of data points
but appeared to be zero order.

The DODPA and the unknown compounds in the different oils
deplete by first order reacticiis and are detectable up to the end
of the oils' gtable lives. The presence of PANA has a strong
effect on the DODPA depletion reactions in the TEL-4002 through
TEL-4005 oils. The presence of octyl=PANA has a strong effect on
the DODPA depletion reaction in the TEL-5002 oil but does not
have an effect on the DODPA depletion reactions in the TEL-4001
and TEL-4006 oils. The octyl-PANA does affect the depletion
reactions of the unknown compounds in the TEL-4001 and TEL-~4006

oils. The presence of phenothiazine has no effect on the DODPA
depletion reaction in the TEL-5001 oil.




S

-

o

Since PANA, octyl=-PANA, and phenothiazine deplete so
rapidly there is no relationship between the concentration of
PANA, octyl=-PANA, or phenothiazine, and the RLL of a stressed
MIL-L-7808 oil. Although DODPA is detectable up to the end of
the each MIL-L-7808 oil's stable life, the rate of the DODPA
depletion is dependent upon the criginal concentration of PANA or
octyl=-PANA in the fresh MIUL-L-7808 oil. Also, the concentration
of DODPA at the end of each MIL-L-7808 oil's stable life is
different. Thus, there is no relationship between the concentra-
tion of the DODPA and the RLL of a stvessed MIL-L-7808 oil.
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on the Apple Ile monitor and printed on a p92 Microline Printer,
(Okidata, Mt. Laurel, New Jersey).

b. Differential Scanning Calorimetry

The high pressure and hermetically-sealable pan DSC
studies were performed on a DuPont 9000/9900 Thermal Analysis
System in conjunction with a 910 cell base and a DSC cell
(atmospheric pressure) or a high pressure-DSC cell (DuPont
Instrument Systems, Wilmington, Delaware). The 900 .
Computer/Thermal Analysis System is based on a Texas Instruments
Professional computer, CRT display screen (to view data from
current or previous experiments), floppy disk data storage,
module interface and a two or six pen digltal plotter.

The threaded-sealable pan DSC studles were performed on
a Perkin Elmer 7 Series Thermal Analysies System in conjunction
with a DSC 7 module (Perkin Elmer Corporation, Fairfield, Ohio).
The Perkin Elmer 7 Series Thermal Analysis System is based on the
PE7500 Professional Computer, CRT display screen (to view data

from current or previous analysis), dual floppy disk drives,

module interface, and a graphice plotter.

C. Fluorimetry

The fluorescence investigation was performed on a
Farrad Spectrofluorimeter MK-1 with a mexrcury lamp as the radiant
energy source. The wavelength of 351 nm was used to excite the
samples.

d. Gas Chromatography

The gas chromatographic analyses were performed on a m
Varian BSeries 1860 Gas Chromatograph equipped with a Varian

Thermionic Specific Detector (Varian Associates, Inc., Instrument

Group, Palo Alto, California). The detector and injection ports ’

were set at 350°C. The air and hydrogen flow rates used by the

detector were set at 173 and 4.5 ml/minute, respectively. A
helium flow rate of 31 ml/minute was established through the 6
ft. x 1/8 inch stainless steel column which was packed with 3

percent OV-1l on Chromosorb W (80/100 mesh) (Alltech Associates,
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APPENDIX B - EQUIPMENT AND PROCEDURES

B.l 1Introduction

This section describes the¢ instrumentation, supplies and
procedures used to develop the RLLAT candidates. The equipment
. and pfocedures used to prepare and characterize the thermally~
oxidized MIL-L-7808 ocils are also described herein.

. B.2 Instrumentation

a. Voltammetry

The voltammetry studies were performed on a CV-1B
Voltammetry Electronics Control Module [Bioanalytical Systems,
Inc. (BAS), West Lafayette, Indiana)l. The auxiliary electrode
was a platinum wire electrode and the reported potentials were
referenced to a RE-1 Ag/AgCl reference electrode (BAS). The
working electrcde was a glassy carbon (GCE), platinum (PTE), or
thin film mercury on gold (HG-AUE) voltammetry electrode (BAS).
The HG-AUE electrode was produced by allowing a drop of mercury
to sit on the polished surface of a gold voltammetry electrode
for 2=-3 minutes. The excess mercury was then wiped off and
smoothed with a soft, dry tissue to produce the mirror-like
finish of the mercury-gold amalgam surface.

The cyclic voltammograms were recorded on a X~¥

Recorder (Hewlett-Packard, Mosley Division, Palo Alto,
California). The reductive-cyclic voltammograms were sampled,
analyzed, and displayed by a data acquisition system based on an
Apple IIe microcomputer (Apple Computer, Inc., Cupertino,

. California). The output of the CV-1B module was converted to
digital form by a 16 channel, 12 byte analog/digital converter,
Model AII3 (Interactive Structures. Bala Cynwyd, Pennsylvania),

A% which was interfaced with the Apple IIe microcomputer. The

Y sampling rate was controlled by a Speed-Demon card (Microcomputer
Dig Technologies, Santa Monica, California). The reductive-cyclic
voltammograms and the results of the data analyses were displayed
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Inc., Deerfield, 1llinois). The gas chromatograms were plotted
and integrated by a Shimadzu C-R3A Computer Integator (Shimadzu
Scientific Instruments, Columbia, Maryland). The chart speed was
3 cm/minute.

€. Electrochemistry

The electrochemical analyses were performed on a COBRA
(NAECO Associates Inc., Arlington, Virginia).

£. Atomic Emission Spectrometry

The atomic emission spectrometric analyses were per-
formed on a rotating disk electrode—spark source—atomic emission
spectrometer, (Engine Oil Analysis Spectrometer, Baird
Corporation, Bedford, Massachusette). The spectrometer is
capable of simultaneously analyzing for Ag, Al, Cr, Cu, Fe, Mg,
Ni, Pb, Si, and Sn.

B.3 Supplies

as Chemicals

The diphenylamine (99 + % purity), cumene hydroperoxide
(80 percent purity), dicumene peroxide (~70 percent purity), and
the organic bases; pyridine, pyrazine, pyridazine, quinoxaline,
and 2,2' dipyridyl (97-99+% purity) were obtained from Aldrich
Chemical Corporation, Milwaukee, Wisconsin. The
azobisisobutyronitrile (AIBN) (98 percent purity) and benzoic
peroxide (~80 percent purity) were obtained from Fisher
Scientific (Cincinnati, Ohio). The bis[4=(dimethylamino)
dithiobenzil] nickel (BDN) was obtained from Exciton Chemicals
(Payton, Ohio). All of the other chemicals used in this inves-
tigation were ACS certified and were obtained from Fisher
Scientific.

b. Solvents

All of the solvents used in this investigation were
obtained from Fisher Scientific and were ACS certified.

FHORH A MR AN AL T R I P DA D A A PN AP A T AV XA TR L b b VRN



C. Electrolytes

The lithium perchlorate, [LiClO4] (ACS certified) and
tetrabutylammonium perchlorate [(CH3CHZCH2CH2)4NC1O4] (v10 per-~
cent HZO: polarographic grade) were obtained from Fisher
Scientific. The tetraethylammonium perchlorate [(CH3CH2)4NC104]
(~10 percent H20: polarographic grade) was obtained from ‘
Southwestern Analytical Chemicals, Inc., Austin, Texas.

d. Antioxidants '

The generic samples of the N-phenyl-oc-naphthylamine
(PANA) and dioctyl diphenylamine (DODPA) antioxidants were ob-
tained from AFWAL/POSL, The N-(p-octylphenyl)=-a-naphthylamine
(octyl-PANA) antioxidant (Tradename: Irganox (LO-6) was obtained
from CIBA-GEIGY Corporation, Hawthorne, New York, in commercial
grade purity. The phenothiazine (98 + % purity) was obtained
from Aldrich Chemical Company in ACS reagent grade.

e. Lubricating 0Oils

The fresh MIL-L-7808 lubricating oils (TEL-4001 through
TEL-4006, TEL-5001, and TEL=-5002) and the fresh candidate MIL-L-
27502 lubricating oil were obtained from AFWAL/POSL. The used
MIL-L~-7808 lubricating oils, OP-232-1 through OP-232-43, were
also obtained from AFWAL/POSL.

The authentic used MIL-L-7808 and MIL-L-23699 lubricat-
ing oil samples were obtained from gas turbine engines of Air
Force aircraft. The oil samples consist of a series of oil
samples taken from representative engines. The used MIL~L-7808
oil samples were taken from F-100 and J79 engines. The used MIL-
L-23699 oil samples were all taken from T56 engines.

Each series of oil samples was taken from a selected
engine and consists of the last 3-7 consecutive oil samples prior ’
to engine removal. If the engine removal was due to engine
failure without prior detection by the Spectrometric 0Oil Analysis
Program (SOAP), the oil samples are referred to as failures (F).
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However, if the engine removal was due to a maintenance recommen-
dation of SOAP and abnormal wear was verified by inspection, the
oil samples are referred to as hits (H).

B.4 Preparation and Characterization of Stressed '
TEL=4005 011 Samples

To prepare the stressed oil samples used in Task 1 to
initially evaluate the identified analytical techniques, 400 ml
of fresh TEL-4005 oil was measured into a 1 liter, three neck
round bottom flask. The fluzk was then fitted with an Allihin
condensor, an air supply tube (supporting the metal specimens)
and a thermocouple tube. The metal specimens (Metaspec Company,
San Antonio, Texas) were placed on the air supply tube (separated
by 9 mm glass spacers) in the order specified by Federal Test
Method Standard 791 Method 5307.1: aluminum (402-C) (bottom
position); silver {(402-H); bronze, silicon {402-4616); steel,
carbon, mild (402B); steel, M=-50 (402-M50); magnesium (402D); and
titanium (420G) (top position). The dry air supply was obtained

from a compressed air cylinder, industrial grade (AIRCO, Murray

Hill, New Jersey) and was controlled by a 602=-flowmeter
(Matheson, Dayton, Ohio).

The flask was then placed inside a 1 liter heating mantle to
obtain an oil temperature of 175°C (heating mantle temperature
250°C). The oll sample required approximately one hour to equi-
librate at 175°C. An air flow of 10 l/hr was established through
the oil sample and the measurement of the stable life was
started. Oil samples (30-40 ml) were withdrawn at 24 hour inter-
vals to obtain a well defined stable life. Each withdrawn sample
was characterized by viscosity (40°C). The values obtained for
the viscosity were plotted versus the stressing time as shown in
Figure B~l. The stable life of the TEL-4005 oil at 175°C under
the described conditions is 96 hours (Figure B-1).

B.5 Preparation and Characterization of MIL-L-7808 Oils
Stressed at 370° and 392°F

The aluminum block heating medium was manufactured so that
it held four sample tubes as per specifications given in
Reference 45. All of the glassware and metal specimens used in
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this investigation were manufactured to the specifications given
in Federal Test Method Standard No. 791B Method 5307.1. The dry
air supply for the oil samples heated in the aluminum bhlock was
obtained from a compressed air cylinder, industrial grade
(AIRCO). The air supply was split into one separate line per oil
sample and the flow rate of each line was controlled using a 602~
flowmeter (Matheson).

After 450 ml of fresh MIL-L-7808 lubricating oil was
measured into the four sample tubes, each sample tube was then
fitted with a sample tube head, an Allihin condensor, an air
supply tube (supporting the metal specimens) and a thermocouple
tube as specified by Federal Test Method Standard No. 791B Method
5307.1. The sample tubes were then placed into the aluminum
block heating medium. The temperature of each oil sample was
moenitored and each oil sample required approximately one hour to
equilibrate at 370°F and approximately 20 minutes to equilibrate
at 392°F., An air flow of 10 1/hr was then established through
each oil sample and the measurement of the stable 1ife of each
oil sample was started.

O0il samples (30-40 ml) were withdrawn at 16-48 hour inter-
vals at 370°F and at 3-24 hour intervals at 392°F so that & well
defined stable life could be obtained for each MIL-L-7808
lubricating oil. Each withdrawn oil sample was characterized by
COBRA (as described in Reference 35), viscosity (40°C), and total
acid number (ASTM Method 664) measurements and by magnesium
concentrations (atomic emission spectrometer as described in
Reference 46). '

The values obtained for the COBRA, viscosity, and total acid
nuniber measurements and the Mg concentrations were then plotted
versus the stressing time to determine the stable lives of the
MIL-L~7808 oils at 379° and 392° as described ir Appendix A.
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) B.6 Gas Chromatographic—Antioxidant Analyses of the MIL-L-7808
e Oils Stressed at 370° and 392°F

In order to quantify the antioxidants present in the fresh

,ﬁ. and stressed MIL-L-7808 lubricating oils, an internal standard
f}: solution prepared from diphenylamine was used. A drop of the
e internal standard solution and a drop of the oil sample were

placed in a vial. Each drop was weighed to the nearest 0.0001 g.
A Approximately 2 ml of acetone was then added to the vial, the
.ﬁ; vial was stoppered and shaken by hand until a homogenous solution
) was obtained. A 1 ul sample of the solution was then injected
into the GC. The column temperature was programmed to start at
i 200°C, increase at 8°C/minute to 325°C, and then hold at 325°C
at for 10 minutes. The concentration (percent by weight) of each
antioxidant present in the fresh and stressed MIL-L-7808
lubricating cils was then calculated from the known weights of

ﬂﬁ‘ the internal standard and oil sample.
YN
‘ﬁﬁ B.7 Preparation of Stressed TEL-4004 Oil Samples for the
) RCV Oil Dilution Study
g
i The aluminum block heating medium was used to heat four 160
dﬁ ml samples of TEL-4004 MIL-L-7808 lubricating oil using the
ﬂﬁ glassware and metal specimens specified by Federal Test Method
‘ 3
" Standard 791 Method 5307.1. The TEL-4004 oil samples required

Ny approximately one hour to equilibrate at 347°F. An air flow of

“ﬂ 10 1/hr was then established through each oil sample and the

‘é$ measurement of each oil sample's stable life was started.

o 0il samples (4~7 ml) were withdrawn at 20-48 hour intervals

Lk until approximately 20 ml of oil had been withdrawn. Once 20 ml

E#; of TEL-4004 oil had been withdrawn, 20 ml of fresh TEL-4001, TEL=-

4003, or TEL-4004 MIL-L-7808 oil was added, the diluted TEL-4004

- o0il sample allowed to become homogeneous (approximately 30

@: minutes), and then an oil sample (2-7 ml) withdrawn. This proce- '
.&? dure of withdrawing samples and adding oil was repeated for 340

f&; hours to produce two stressed TEL-4004 oil samples with different

AR 4 L WAL : b (UL T L L A
oy by .,!.l\h.uf‘w“:. B ..q‘fuf i h“,h’- Ty hs".. ’,,‘?(J‘i-_.‘ Iy ,fl.'....k“g,lﬂ:}';‘n;"ﬁ”_’1 -y

R AN I TN T O L T L A S L
A *'-‘:u".,‘l‘&‘.:%,».o‘h“ac!s. LRl P RSN n,-,!:.haz."t_t'a.'!'a‘!‘ ‘




" e

R i

RLL, & mixed stressed oil sample consisting of TEL-4004 and TEL-
4001 oils, and a mixed stressed oil sample consisting of TEL-4004
and TEL~4003 oils,

After 340 hours, the stressing temperature was increased
from 347°F to 370°F to simulate an engine going from normal to
abnormal operating conditions.

Due to the small sizes of the withdrawn samples, only COBRA
measurements were obtained and plotted against stressing time to
estimate the degree of oxidation of each oil sample. The
withdrawn oil samples were then analyzed by RCV to determine the
effects of oil dilution and formulation mixing on the RLL predic-
tions of the RCV.

B.8 Procedure for Analytical Techniques Capable of Oxidative
Degradation Estimations

a. Hydroperoxide Analyses

(1) Iodine Liberation Method = The modified procedures
of the Mair and Graupner iodine liberation methods (Reference 23)
are given in Table B-1l. The only modification made in the iodine
liberation methods are concerned with the titration of the reac-
tion Nal solution and are denoted in Table B-1,

(2) Cyclic Vvoltammetric Method = The cyclic voltam-
metric peroxide determinations were performed with platinum and
glassy carbon working electrodes on 300 pl oil samples diluted
with 10 ml of acetone (0.1 M LiClo4). The diluted oil samples
ware deaerated with a steady stream of nitrogen for 3 minutes
prior to analysis. The potential range of +0.2 to -2.0 V was
scanned at a rate of 500 mV/sec. The heights of the produced
reduction waves (~1.0 to =1,7 V) were then used to quantitate the
total hydroperoxide concentrations of the oil samples.

be. Permanganatometric Method

A 25 ml portion of 0.0l N KMnO4 solution was added to a
250 ml glass erlenmever flask, along with 10 ml of an aqueous
sulfuric acid solution (volume ratio: 5 parts H2804/1 part H20)
and 4 ml of an MIL~L-7808 oil sample. The flask was stoppered,

then gently shaken and allowed to sit undisturbed or stirred
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Table B~-1

JIODINE LIBERATION METHODS I, II, AND III

METHOD I

1. Dissolve 2 g of Nal in 35 ml of isopropanol and 2.5 ml
of acetic acid in a 250 ml erlenmeyer flask.

2. Add 4 ml of oil sample to flask with swirling.

3, Reflux for five minutes.

4. Add 20 ml of cc14a.

5, Add 100 ml of distilled water.
6. Add 5 ml of starch indicator solution and titrate from dark

purple to colorless with standardized 0.005 N sodium
thiosulfate.

Method II Method IIIX

1. Reflux 50 ml of glacial acetic

acid briefly Yes Yes
2. Cool, dissolve 6 g of NaIl Yes Yes
3. Add 3.0 ml of distilled water Yes No
4. Add 4 ml of oil sample Yea Yes
5. Add 2.0 ml of concentrated HC1l acid No Yes
6. Reflux at least 20 min. 50 min.
7. Add 20 ml of CCL,” Yes Yes
8. Add 100 ml of distilled water Yes Yes

9, Titrate with 0.005 N sodium thio-
sulfate and starch indicator Yes Yes

Modification made in Mair and Graupner Methods I, II, and III to
separate the colored oil sample from the aqueous layer so that
the endpoint (blue to clear) could be determined.

il0
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vigorously with a magnetic stirring bar at rcom temperature for a
predetermined period of time. After the predetermined period of
reaction time, the flask was unstoppered, 2 g of KI was added,
and the mixture was shaken until the KI was completely dissolved.
After the KI was dissolved, 20 ml of chloroform and 65 ml of
distilled water were added to the flask to produce a 100 ml
aqueous layer (upper layer) containing the iodine liberated by
unrgacted KMnO4 and a 24 ml lower organic layer containing the
used oll sample. The liberated iodine in the aqueous layer was
then titrated with a standardized 0.005N sodium thiosulfate
solution using a 0.5 percent aqueous starch solution as an
indicator.

C. Electrical Property Measurements

To measure the resistance and capacitance of the
selected MIL-L-7808 oils, a 100 ml oil sample was poured into a
250 ml beaker containing a tunable air capacitor. The voltage
readings VI and V (Figure 53) were recorded for input waveforms
with frequencies of 10, 100, and 1,000 Hz to obtain the resis-
tance, combined resistance and capacitance, and capacitance,
respectively, of the oil sample.

d. Fluorescence Measurements

To measure the fluorescence of the MIL-L-7808 oils, the
spectral range of 350 to 650 nm was monitored. The oil samples
were analyzed neat in a 3 ml quartz cell with a 10 mm light
path.

B.9 Procedure for Remaining Lubricant Life Assessment
Test Candidates

a. Cyclic Voltammetric Techniques

The cyclic voltammetric techniques were performed with
the CY¥-1B Voltammetry Electronics Control Module and recorded on
a X-Y Recorder. After the initial evaluations of different
working electrodes, the glassy carbon working electrode was used
for all of the cyclic voltammetric techniques. The auxiliary
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electrode was a platinum wire electrode and the reported poten-
tials were referenced to the RE-1 Ag/AgCl reference electrode.

All of the cyclic voltammetric analyses were performed
using an oil cample to acetone ratio of 1:50. The acetone con-
tained LiClO4 (0.1M) as the electrolyte. The cyclic
voltammograms were produced by scanning from 0.0 V to 1.1 V then
back to 0.0 V at a rate of 500 mV/sec.

The cyclic voltammograms produced in the presence of
organic bases were performed by adding the appropriate amount of
a solution containing 5 percent organic base in acetone to the
diluted oil sample. The cyclic voltammograms in the presence of
an organic base were performed by applying a potential of +1.0 V
to the working electrode and immediately decreasing the potential
to 0.0 V at a2 rate of 500 mV/sec.

b. Reductive=Cyclic Voltammetric Techniques

The RCV technique was performed with a CV-1B
Voltammetry Electronics Control Module. The working electrode
was a glassy carbon voltammetry electrode and the auxiliary
electrode was a platinum wire electrode. The reported potentials
vwere referenced to a RE~1 Ag/AgCl reference electrode.

All of the RCV analyses were performed on a 60 ul oil
sample diluted with 3 m) of acetone containing 0.05M LiClO4 and
375 ppm of pyridazine. Except for the study to determine the
effects of multiple scans on the results of the RCV technigue,
the RCV voltammograms were produced by scanning from 0.0 V to 1.0

V then back to 0.0 V at a rate of 0.5 to 1,0 V/sec.

For the effect of multiple scan study, the first scan
was accomplished by applving a potential of 0.6 V to the working
electrode and immediately decreasing the potential to 0.0 V at a
rate of 500 mV/sec. The remaining scans were accomplished by
scarning from 0.0 V to 1.0 V then back to 0.0 V at a rate of 500
nV/sec.

To record the RCV voltammograms on the Apple IIe
microcomputer based data acquisition system, the Apple Ile
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microcomputer was programmed to sample the CV-1B output at ap-
proximately 70 msec intervals. The signal of the oxidation wave
was nullified by having the compuier set its gain to zero. The
computer recorded data was obtained by pushing the "A" key of the
Apple Ile keyboard. The Apple Ile was programmed to simul- ,
taneously start the data acquisition procedure and close the scan !
switch (start scannihg) of the CV-1B Module when the "A" key was
pushed. The data requisition was performed for ten cycles at a
scan rate of 1.0 V/sec. The maximum reduction wave height (minus
the blank's reduction wave height), the ln value of the maximum
reduction wave height, and the percent RLL of the oil sample were
then calculated and printed out on the u92 Microline Printer.

The computer program used to control the data acquisition of the
Apple TIle microcomputer and to calculate the percent RLL of the
0il sample was written in Basic languaye and is listed in Figure
B~-2.

Ce Differential Scanning Calorimetric Techniques

(1) High Pressure-Differential Scanning Calorimetric
Technique - Once the high pressure cell of the DuPont 9000/9900
Thermal System reached equilibrium at 200°-250°C (250°C optimum
temperature) a weighed sample (approximately 2 mg equivalent to
2.5 ul by volume) was placed in a Solid Fat Index (SF1) container
which is an aluminum DSC pan with etched interior surfaces. The
lid was laid on top of the SFI container and the SFI container
was placed in the HP-DSC cell. The HP-DSC cell was immediately
closed and then pressurized with oxygen to 100-500 psig (200 psig
optimum). The moment the pan was placed in the cell is equal to
0.0 minutes. On average the pan reached temperature equilibrium
(250°C) in 30 seconds and the pressure of the cell reached 200
psig in 60 seconds. The temperature was held at 250°C
(isothermal) for up to 15 minutes to produce the thermogram of
the oil sample (Figure 31). The thermogram was then analyzed as
described in Section 2.

(2) Hermeticalliy Sealed Pan-Differential Scanning

Calorimetric Techniques - Once the DSC cell of the DuPont
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.
Ly
%
e

315

PPN ik e cmm T e B Am ok cmes me Mbe e hde e at hee s amb o mns omcw mes mbuiebe w1 s 4er - m ok d e A [P P AR TR M




e e o e - R -
“ =

9000/9900 Thermal System reached equilibrium at the preset tem-

perature, a 0,2-2,0 pl sample (0.2 ul optimum) was pipetted into

the DEC pan. After the hermetic cover was placed into the DSC

pan, the DSC pan was placed in the lower hermetic die. The DSC

pan was then hermetically sealed using the preforming tool and

sample encapsulating press. . "

In the case of the oxygen atmosphere, the DISC pan
containing the sample, the hermetic cover, and the sample encap- '
sulating press were placed inside a glove bag. The glove bag was
purged of air by a strong flow of oxygen for about 5 minutes.
The flap of the glove bag was then loosely folded and clipped,
and the oxygen flow was adjusted to a rate that kept the glove
bag slightly inflated during the sealing procedure. The DSC pan
was then hermetically sealed as previously described.

The hermetically sealed pan was then placed in the DSC
cell and the analysis time started immediately upon closure of
the D3C cell. The temperature of the DSC cell was held at the
initial temperature for 1 minute. The temperature was then held
constant at the initial temperature until the completion of the
test (isothermal) or increased at a rate of 3°C/minute until the
completion of the test (ramped). The thermogram displayed in
Figure 104 demonstrates the method used to determine the onset of
oxidation time.

(3) Threaded Sealed Pan-Differential Scanning Calorimetric .
Technique = Once the DSC cell of the Perkin Elmer 7 Series -
Thermal System reached equilibrium at 100°C, a 2 pl sample was
pippetted into the lower half of the stainless steel, threaded
DSC pan. A copper ring was placed on the guiding pins of the
sealing tool. The upper and lower halves of the pan were screwed
together to seal the pan. The sealed pan was then placed in the Y. -
DSC cell and the temperature allowed to come to equilibrium for 1
minute. The analysis time was initiated by increasing the tem-
perature from 100° to 250°C at 500°C/minute. Once the
temperature of the sample reached 250°C, the temperature was held
constant until the completion of the test.

ile
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o
o d. Chemical Stressing Technigue
L]

: (1) Colorimetric Technique

Ve The appropriate amount (0.75 ml optimum) of a BDN

% solution (3.03 x 10™%M) prepared in toluene and 10-50 ul (35 pl
- optimum) MIL-L-7808 oil sample were pipetted into a 1 dram, flint
. glass vial. The cumene hydroperoxide {0.50 ml) was then added to
the reaction system, the vial was stoppered, shaken by hand, and
« . then placed inside an aluminum block heated to 25°-40°C (35°C

?? optimum). The vial was positioned in front of a detector (UDT

: 10DP, United Detector Technology, Santa Monica, California. A 2
i mm diameter, 2 mW beam from a Helium-Neon Laser (Spectrophysics

A Model 133, Mountain View, California) with a wavelength of 632,8
ef nm was aligned so that it passed through the vial onto the
detector. In order to cancel signals from room light, the laser
beam was passed through a chopper and associated lock~in~-

i
gf amplifier (PAR, Dynatiac 3, Stanford, Connecticut). The signal
3‘ from the detector was amplified and then plotted versus time on a
‘ X-Y Recorder (Houston Instruments, Model 2000). The BDN
o decoloration induction time is defined as the length of reaction
?t time required to obtain a 25 percent decrease ir the absorption
o of the BDN solution.

(2) Modified Ford Method - Once the temperature of the
;b reaction system stabilized at 60°C, a magnetic stirrer, 4 ml of
Eﬁ the AIBN in chlorobenzene (0.2-0.5 M) (0.2 M optimum) solution,
ﬁj and 20 ul of the oil sample were pipetted into the 25 ml flask.

Oxygen was then bubbled rapidly through the reaction solution for
one minute. After one minute the oxygen flow was stopped and the
) oxygen inlet tube removed. The reaction system was sealed off
y with a sleeve type serum bottle stopper and the temperature
' allowed to equilibirate for two minutes with continuous stirring.
An easily oxidizable substance [benzaldehyde (0.5 ml) optimum]
was then injected through the stopper into the stirred reaction

e__r"-;k N
RS

- _ae
NS

' solution. An equal volume of oxygen was removed with the syringe
to set the pressure of the reaction vessel to atmospheric pres-
) sure (columns of acetone in the U=-tube manometer level). The
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Q; reaction time of 0 minutes coincides with the leveling of the
' acetone columns. The pressure changes of the reaction system
were monitored by recording the pressure every 30 to 60 seconds

" and then plotting the pressure changes versus reaction time
f‘ (Figure 45). The induction time for this work is defined as the
& length of time required for the oxygen absorption to result in a 4

pressure decrease of 18 Torr.
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