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1. INTRODUCTION

This 5th interim report sumarises the work performed to date on
the US Army contract 'Advanc dTribological Coatings for High
Specific Strength Substrates'. vhe objective of this contract are
to develop and test a surface treatment suitable for the
hardening of a titanium alloy precision gear for use in a vacuum
environment.

Attention has been primarily directed at surface hardening by the
interstitial diffusion of the elements nitrogen, oxygen and
carbon. Targets of a surface hardness of >500 HV and depth 50
microns, without the need of any post heat treatment operations
have been identified.

2. _SU"ACE TREATMENTS

The surface tre i~ts under study have been applied to specimens
of IMI 318 (Ti6 Z?4V), cut from plate. The sample numbers and
corresponding surface treatments which have been carried out and
tested to date are listed in Table 1 4wei6L. 'SHT' indicates that
the plates sample was in a solution heat treated condition before
surface treatment. 'H&G' indicates that the sample was in a
hardened and ground condition before surface treatment.'---:
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Table 1: Sample Number Allocated to Surface Treatments.

Sample Number Surface Treatment
HSSAI Solution Heat Treated

HSSA2 Hardened and Ground

HSSA3 (SHT) Plasma Nitrocarburized 1
HSSA4 (SHT) Beta Nitrocarburized

HSSA5 (SHT) Ion Implanted (N*) 1
HSSA6 (H&G) Ion Implanted (N ) 2

HSSA7 (SHT) Hard Anodised 1

HSSA8 (H&G) Hard Anodised 2
HSSA9 (SHT) Plasma Nitrocarburized 2

HSSAIO (SHT) Hard Anodised 3

HSSA11 (H&G) Hard Anodised 4
HSSA12 (SHT) Plasma Nitrided 1
HSSA13 (H&G) Plasma Nitrided 2

HSSA14 (SHT) High Temperature Nitrocarburized 1
HSSA15 (H&G) Nitrox 1

HSSA16 (SHT) Pack Aluminising 1
HSSA17 (SHT) Nitrox 2
HSSA18 (H&G) Nitrox 3

HSSA19 (SHT) Pack Aluminising 2

HSSA20 (SHT) Gas Carbonitriding 1
HSSA21 (SHT) Diamond-like Carbon (DLC) I
HSSA22 (SHT) TiN Reactive Sputter

HSSA23 (SHT) TiN/HfN Multilayer

HSSA24 (SHT) Pack Aluminising 3

4
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3. SURFACE ROUGHNESS MEASUREMENTS

For the application of dry lubricants (ie sputtered MoS2) onto
hardened titanium alloy gears, the surface roughness is an
important parameter in determining film (and hence gear life).
The surface roughness of all the sample plates were, therefore,
measured using a Talysurf 6 profilometer, and the values of Ra,
Delta-0 and R~k recorded. These parameters are defined as:

Ra: The arithmetic mean of the departure of the roughness profile
from the mean line (in micrometres).

Delta-Q: The RMS slope of the profile throughout the assessment
length (in degrees).

Rsk: The measure of the symmetry of the profile about the mean
line (in degrees). RSk will distinguish between asymmetric
profiles which have the same Ra value.

The surface roughness measurements for the samples are
summarised in Figure 1. This figure has been arranged with the
samples that were originally solution heat treated grouped first,
followed by those which were originally hardened and ground.
Essentially only pack aluminising (HSSA19) causes any detriment
to the surface roughness, all other treatments either cause no
change oz a small improvement in the surface roughness.

4. METALLOGRAPHIC EXAMINATION

Optical metallographic specimens were prepared by nickel coating
a small piece of each sample and embedding this in thermosetting
resin. Each specimen was then ground and polished to produce a
section through the sample at 900 to the hardened surface. From
this section, coating structure and thickness could be
ascertained, and a microhardness depth profile measured.

4.1 Coating Thickness

The micrographs from the metallographic examination of the
samples, with the exception of HSSA10 are included in Appendix 2.
From the micrographs the resulting coating thickness was
determined and are given in table 2 below.
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Table 2: Surface Treatment Coating Thickness & Hardness.

Sample Surface Treatment Coating Thickness Hardness

HSSAI Solution Heat Treated not applicable
HSSA2 Hardened and Ground not applicable
HSSA3 Plasma Nitrocarburized 1 <2 micrometres Not measured
HSSA4 Beta Nitrocarburized 5-10 micrometres 550 Hv
SSA5 Ion Implanted (N ) 1 negligible Not measured

HSSA6 Ion Implanted (N+) 2 negligible Not measured
HSSA7 Hard Anodised 1 negligible Not measured
HSSA8 Hard Anodised 2 negligible Not measured
HSSA9 Plasma Nitrocarburized 2 negligible Not measured
SSA1O Hard Anodised 3 negligible Not measured
HSSAll Hard Anodised 4 negligible Not measured
HSSA12 Plasma Nitrided 1 <1 micrometre Not measured
HSSA13 Plasma Nitrided 2 negligible Not measured
HSSA14 High Temp Nitrocarburized <2 micrometres Not measured
HSSA15 Nitrox 1 -5 micrometres -400 Hv
HSSA16 Pack Aluminising 1 25 micrometres 360 Hv
HSSA17 Nitrox 2 negligible Not measured
HSSA18 Nitrox 3 low micrometres -400 Hv
HSSA19 Pack Aluminising 2 25 micrometres <400 Hv
SSA20 Gas Carbonitriding 1 50 micrometres 700 Hv
HSSA21 Diamond-like Carbon 1 1 micrometre Not measured
HSSA22 TiN Reactive Sputter 3 micrometres Not measured
HSSA23 TiN/HfN Multilayer 5 micrometres Not measured
HSSA24 Pack Aluminising 3 27 micrometres 560 Hv

4.2 Microhardness Depth Profile

Microhardness depth profiles were produced by measuring the
Vickers microhardness at increasing depth into the sample on the
metallographic specimens. The hardness was measured by applying a
load of 50N for 15 seconds. The microhardness profiles are
summarised in Appendix 3.
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5. FRICTION AND WEAR MEASUREMENTS

To identify the most promising surface treatments from the large
number of samples (for more detailed friction & wear evaluation
in vacuum and for rolling contact surface fatigue assessment),
the friction and wear of all samples was evaluated at two load
conditions on a reciprocating tribometer at NCT. All these
'screening' tests were performed in air; any sample performing
poorly in air would be very unlikely to perform well under vacuum
conditions.

5.1 Test Conditions

The reciprocating tribometer was set to give a 20 mm stroke, with
500 cycles per test, giving a cumulative sliding distance of 20
metres. Tests were performed at two different loads (20 & 50N,
equivalent to maximum Hertzian contact stresses of 1.30 & 1.76
Mpa respectively). The loads were applied using hardened En3l
steel balls in contact with the treated titanium alloy plate.
Both balls and plate samples were ultrasonically cleaned before
test and no lubricant was added. Frictional forces were recorded
continuously on a chart recorder.

Wear profiles and the volume of material removed from the
specimens was measured using a 3D surface profilometer. All the
wear scars were photographed at x50 in a SEM at 20kV using
Secondary Electron Imaging (SEI), with additional photographs
taken as needed at other magnifications and accelerating
voltages, using both SEI and Back Scattered Imaging (BSI).

5.2 Results at 20N Load

Figures 2 and 3 summarise the friction (at various test
intervals) and the measured wear rates. The wear profiles, with
attached SEM micrographs of the central region of the scars, with
the exception of HSSA16, are contained in Appendix 4.

Samples KSSA1 & HSSA2 can be regarded as the baseline
performance, any coating exhibiting high friction or wear can
be rejected from further study. At this load samples HSSA4,
HSSAIO, HSSA11, HSSA14, HSSA20 to HSSA 23 show 'good'
performance. The extent of the wear on HSSA4, HSSA20 and HSSA24
is not readily apparent in the micrographs attached to the wear
profiles. The scars show up more clearly when viewed in back
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scattered image (Figure 4). The TiN/HfN multilayer coating of
HSSA23 appears to have started to break up during this test
(Figure 5).

5.3 Results at 5ON Load

Figures 6 and 7 show the friction (at various test intervals) and
the measured wear rates. The wear profiles, with attached SEM
micrographs of the central region of the scars, with the
exception of HSSA16, are contained in Appendix 5.

Samples HSSA4, HSSAl4, HSSA20 & HSSA 22 give low wear rates and
reasonable friction coefficients. SEM analysis revealed metal
transfer from the En 31 ball to the plate occurred during the
test on HSSA4 (Figure 8). A small hole can be seen in the coating
of sample HSSA 22 which may indicate that the coating is
starting to break up (Figure 9).

6. DISCUSSION & FURTHER WORK PLANNED

To date samples HSSA4, HSSAl4, HSSA20 & HSSA22 show the most
promising friction and wear performance. Sample HSSAZO also meets
the targets for surface hardness and treatment depth

Analysis of the plasma nitrided samples (HSSA12 and HSSA13) has
revealed poor processing, further samples are being prepared with
a different supplier. The TiN/HfN multilayer (HSSA23) probably
failed at 50N because substrate could not support the coating (cf
ice on mud). The wear rate for this treatment is greater than
that for uncoated titanium because of the presence of TiN and HfN
particles in the wear debris. These are very hard and effectively
improve the cutting properties of the En30 ball. Multi-treatment
(e.g. Nitrocarburize then TiN/HfN multilayer) would result in
support for the film and improved results. This approach is being
evaluated.

Further work is aimed at measuring the friction and wear
performance of samples HSSA1, HSSA2, HSSA4, HSSA14, HSSA20 and
HSSA22 at a load of 250N (3 GPa). This is the maximum achievable
on the NCT reciprocating tribometer.

Sample HSSA26 (High Temperature Plasma Nitriding) has recently
arrived, and is currently undergoing metallographic
examination. The remaining samples are still with the

8



coating/surface treatment companies.

All test items for the NCT vacuum test rig and rolling contact
fatigue specimens have been manufactured. After completion of the
250N tests, the fatigue specimens will be sent for treatment and
then forwarded to AMTL for evaluation.
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APPENDIX 1: Scanning Electron M~icrographs
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APPENDIX 2: Optical Micrographs
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APPENDIX 3: IMicrotiardness Depth Profiles
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APPENDIX 4: 20N Wear Profiles and SEM Micrographs of Wear Tracks
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,4 • :37.:_7-:E ,3 4 E - 02 s" :"- . , 1 5 "1. 5 19

t~
SY I

,J k : + k,

L : .... ....

t'



Data from h:bssal8.dat
Detreuded

Microns p

/ 19. 97S m

2 W.

Wear volume irn cub.ic millimetr-es
Above datum Below datum Net loss
2 .•:,24-379E -02 2 '6 29-5 .2430o547

-L ... .. . .



r

/554 Pc Aq:r 27_
Data from h:hssal9.dat
Detrended

'. v .' ,/I: -/ ' " ,,i

Micronis

7-, .52EC, 7( !-,, ,4 -2'25-4909 _// ., "..,%

.,r

//9.'7AI

//

.-. / 1995-

Wear. volume lin cubic millimetres

Above datum Below datum Net loss
7 •4 : 1 752E -02 . 300303-4 . 225,4909:

L_ _



-Dta rm h:-hsn2W.&at- --- --- ---

Detrended

Wear volume in cu..bic millimnetres
Above datum Below datum Net loss

4. 56S6t3 E-02 9.3D4&3746E-0-2 I -.--:::17.31E -02



1-1556 / c#,.oietUe 6.6,

Data from h:hzsa21.dat
Detrended

150
nlicrons . . .- , - ,, -,. ,.(

• 1 - ., - 7

/:/

, 19.975 -.

2i.

Wear volume in- cubic millimetres
Above datum Below datum Net loss
2•6673',E-02 •2.952,93 .2'4':.'8

r-. w

J.. -

[K



HS5, 22: W /~e&e ,~'e

Data fram Ih:hsa22.Jat
Detreaded

158,

2 m. V.

We a r volIume in ]-I c miAk I C MIIIIMety
Above datum Below datm Net loss

-7-72-839~ 1 E -O0 1 - 47(:)5'- 1 E -- : 2 IF



;Il

Data from h:hsia23.at
DetrenaeA

rMicrons ----

We a - v m irc ut. ic m11i e lmt. res

Abouve datlim ESelow ditum Net .io-
L-4. 7215 E - -5: 15:



S2& P'ack

Data fpm h:hssa24.dat
Detrended

Microns V

" / ~~ZN- N<"
" - 'q$N,' Af4\- -, -I-4 /

/ 19.975 -.

2 -

Wear volu..me in cubic millimetres
A~bove da '-um Below datum Net loss
5.-.1713 -!.-'. .E-.,\ 2 -: -W.,.

., .,-.F--,2,,_,. y .

4-o ".-, , .


