Table 1—Characteristics of the WC/C coating (Balzers VerschleiBschutz GmbH).
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Abstract ! als that are used as the starting materials for the
The following article is concerned with th}e commercial production of many goods.
analysis of the wear-reducing effect of PVD-coat- Gearboxes are lubricated with mineral oil or
ings in gearings. Standardized test methods}aaynthetic-based lubricants for reasons of wear
used, which under near-real conditions enaiblprotection and for drawing off heat. These lubri-
statements to be made about the different foimsants are alloyed with additives to achieve the
of damage and wear (micropitting, macropittir]'g,required characteristics. The additives cause the
scuffing). : lubricants to become potentially environmentally
The basic aim of the analyses is to transfer th®xic and thereby conflict with the trend for pro-
functions of individual lubricant additives to th'e ducing environmentally sustainable products.
surface of the material via the application }of A first step for the improvement of environ-
wear-protection coatings in order to be ableitonental compatibility is the use of easily
reduce the additive content in gear lubricants. Thbiodegradable lubricants, which nevertheless con-
report shows that the use of metal-carbon Iaylertﬁin additives for the purposes of lubricant per-
enables the omission of surfactant additives. | formance. Afurther step is the avoidance or reduc-
Introduction : tion of additives without diminishing load-bearing
Alongside performance capability and fquiI‘- capacity, wear behavior, lifetime and reliability of
ment of required specifications, the environme;énthe gearing operated with additive-free or low-
tal compatibility of technical products is increas-additive lubricants. Hard material, physical vapor
ingly at the forefront of public interest. This tredddeposition (PVD) coatings can compensate for the
is caused on the one hand by a general increa%;en'ﬁlssing additive functions and are able to perform
environmental awareness and on the other byittiee functions of additives.
increasing scarcity of non-renewable raw matéri- The first phase of the analyses on this subject
I was carried out at the Laboratory for Machine
Tools and Production Engineering, located at

Characterlstlcs Value Aachen University, in Aachen, Germany. In the
Microhardness {HV 0.05) 1,000 first phase, tests were carried out on a rolling test
Friction value against steel (dry) 0.15-0.20 rig to simulate the tooth flank contact with PVD-
Coating thickness (pm) 1-4 coated rollers using rapidly biodegradable syn-
Internal stress of coating (GPa) -1.0 thetic esters (Refs. 1-3). Of the hard material
Max. application temperature (°C) 300 PVD coatings used in the test—CrAIN, TiAIN,
Coating color black—gray WC/C and ZrC—the amorphous metal carbon
Coating structure

Table 2—Lahoratory values for the test oils in the fresh state.

second phase, this coating system is being exam-
ined in single-stage gearing with regard to its wear

i
|
i
i
i
i
i
i
i
i
i
I
|
i
laminate : coating WC/C proved particularly effective. In the
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Specification Reference oil CLPE100 | Basic oil COE100 | j Protection characteristics.
Viscosity at 40°C (mm¥/s) 98 92 Test Structure, Coating and Lubricants Used
NZ figure (mgKOH/G) 14 13 There is a series of standardized test proce-
——— . ' dures for the analysis of the operational behavior

Viscosity index (- ) 180 169 X ) )

of lubricants which are carried out on FZG back-
Water content (%) <0.1 <01 . . .

to-back test rigs with an axle distanceact 91.5
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mm (Ref. 4). As purely lubricant tests, these
procedures are generally carried out Wi:tr
uncoated standard gearing. By using coare
gear sets, it is possible to expand test procedu
statements on the behavior of coating systeirr

to their use in real gear tooth flank contact si#u-

ations. In the test procedures, the scuffing tF
(Ref. 5), the micropitting test (Ref. 6) and the
macropitting test (Ref. 7) are seen as fun¢le
mental in the evaluation of performarard the :
behavior in operation of a lubricant. [
The WC/C coating employed is a commerciél
ly available carbon layer with a metal conteliht

applied by means of a PVD-sputter process. The
characteristics of this coating are given in Table 1.
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lubricants:
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for the rapidly biodegradable synthetic estt?ar
which is used both with additives (reference dil
CLPE 100) and without additives (basic oil,
COE 100). i
Analysis in Accordance with FZG :
Scuffing Test Method :
So-called FZG-A gearing, which displays ia
distinct one-sided profile displacement, is used i
the scuffing test in accordance with DIN 51 3$
Part 2 (Ref. 5). The result is a high sliding spee
on the tooth flanks and consequently a partic

sensitivity to scuffing. i

Two sets of gears, one uncoated and on

qlr
|

Figure 1—Mass loss of uncoated gear sets in the scuffing test with reference

and basic oils.

unceated pinion
base ol COE 100
Inad stage 12

test data:
Scuffing test DIN 51 354-02-A/8,3/90
uncoated pinion and gear
lubricants:

- refierence oil CLPE 100
- base oil COE 100

il temperature: T=30°C
dip lubrication

oil volumte: 1148 liters

—

uncoated pinion
refarence oil CLPE 100

¥ |hoad stage 12
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E. h. Manfred Wec

is director of the Laboratory
of Machine Tools and
Production Engineering
(WZL), located at Aachen
University of Technology in
Aachen, Germany. A
mechanical engineer, Weck
is also chair of the machine

WC/C-coated, were provided for the analys%esFigure 2—Photographs of the uncoated pinion at tools and manufacturing
Each one was tested in combination with the refthe end of the test (after load stage 12).

erence oil and the basic oil. Figure 1 gives thevere lubricated with the reference oil. The su
mass loss figures for the uncoated test gears r:eléace structure produced by the Maag crossgrind-
E ing, however, is observed to be practically un

With the reference oil, there was no significanttered after the conclusion of the analyses. T
increase of mass loss during the test period. J_fhpinion tooth flanks lubricated with the basic oil

tive to the respective load levels applied.

systems department and has
more than 35 years of expe-

Mence with gearing.

urasky-
chonwerth
»is a mechanical engineer

a&ipl.-lng. Oliver

reference oil can therefore be certified as achie\)linghough, reveal distinct scuffing in the area abowveith Andreas Stihl AG &
a damage load level > 12, according to the tedhe rolling circle. That scuffing has led to a com&0- KG. located in

method specified in DIN 51 354 Part 2. On tl}neplete destruction of the top surface of the tootg

contrary, during the scuffing test with the bas}icflank.
oil, traces of scuffing were detected on the pinion  Scuffing tests with the reference and basic oirgsearch group and an

| . . .
and gear from load level 8 onwards. In orderjtovere also carried out under identical test cond

aiblingen, Germany.
reviously, he was a chief
engineer in WZL's gear

ii_dministrator of DFG proj-
ect 442, which focused on

compare the development of the scuffing damz_#géons on WC/C-coated gear sets. The mass l0ssgfjironmentally compatible
with that of the coated gearing, the scuffing tésthe pinion and gear determined after each loadbological systems for
was continued up until load level 12, although thdevel is shown in the diagrams in Figure 3.
damage criterion had already been achieved d_fter In the scuffing test Wit.h the refer.ence oil, theDipI:-Ing. Christoph
load level 8. The scuffing on the pinion leads :toWC/C-coated gear set displays a linear progreBugiel

progressive mass loss, which after load leveli1@ion of mass loss over the test period. This maisg scientific assistant in

amounts taAm = 60 mg and after load level 12 loss results from the continuous abrasion of t

Am = 169 mg. |
Figure 2 shows photographs of the uncoate

pinion at the end of the test. The bottom ph(!pto
shows slight scratches running in the directioniogear. The abraded particles of the coating settle

dlue to its laminate structure.

gears.

hWZLS gear research group.
Emechanical engineer, he

I WC/C coating, which is increasingly evened oUtas worked on the group's

gear investigation team for

In this case, mass loss is observed on the t& Past wo years. During

that time, he’s also been an
ﬁ'ninistrator of DFG proj-

the profile on the flanks of the pinion teeth whichthe bottom of the oil sump in the test gears in thet 442.
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Photographs of the WC/C-coated tooth flanks

p HSET 8 9 0 AT 12 ladskge | of the pinion are shown in Figure 4. Under the

! Furthermore, the comparison of the two scuff-
i ing tests with WC/C-coated gearing shows that
. the wear-reducing effect of the WC/C coating is
Figure 3—Mass loss of WC/C-coated gear sets in the scuffing test with refeevidently not dependent on the lubricant’s addi-
ence and base oils. i tives. In accordance with the current stage in the
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transmitted work [kWh)

|
|
legend 1 1O : .
| 00 CIPET00 i light-optical microscope, small areas of wear can
mass loss = | I | be seen in the WC/C coating after load level 12 on
o pinon E i the tip of the pinion and at the root of the gear, giv-
¢ Qear 2 60 e [ . . . .
. 8 e i ing rise to direct contact with the metallic surface.
o pinion + gear o 1~ i . . -
@ 40 - I The coating must be improved in this respect.
test data: E - sl —— i In conclusion, comparing the scuffing tests of
Scuffing test DIN 51 354-02-A/8,3/90 .;6?‘4:-—"1 | : the uncoated and WC/C-coated gear sets with the
04 !
WC/C-coated pinion and gear 120 | synthetic ester’s basic oil, we can determine that
lubricants: 100 .‘ COE 100 | i the WC/C coating under the specified test condi-
- reference oil CLPE 100 ? 80 : tions leads to significantly less wear of the tooth
£ i _
- base oil COE 100 8 & » i flanks of thg coated gear set. The reduced wear is
oiltemperature: T = 90°C 2 x N A i expressed in an approximately 2.5-fold less mass
L | .. .
dip lubrication é ____////'- i loss of the coated pinion and gear compared with
20t = i .
oil volume: 1.8 liters 0 ::f";AT__ : the uncoated pinion and gear.
|
|
|
|

pinion WC/C-coated : analyses, the wear protection effect of the refer-
test data: base oil COE 100 i ence oil additives appear to exercise no effect on
Seuffing test DIN 51 354-02-A/8 3190 load stage 12 i the coated surface and is largely assumed by the
- e . !' coating.
WCIC-coated pinion and gear i ! .

) g g ! Since the wear-reducing effect of the WC/C
lubricants: i coating is temporally limited due to the abrasion,
- reference oil CLPE 100 ! ultimately the scuffing resistance of the combina-
- base oil COE 100 I tion of the uncoated gear set and the reference oil
dip lubrication i than the combination of WC/C-coated gearing and
oil volume: 1.8 liters i basic oil.

[ Consequently, there is a need for further
. research and development in order to be able to
I make improvements to the behavior in operation
i and the wear resistance in particular of the coating
. and to match the coating to the requirements.
Analysis in Accordance with the FZG

i Micropitting Test Method
Figure 4—Photographs of the WC/C-coated pinion at the end of the test (a]l‘ter The influence of lubricants and their additives
load stage 12).
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form of black sludge. Direct contact of the metal!icon the development of micropitting are quantita-
surface of the tooth flanks can be ruled out becausieely defined with the aid of a micropitting test
examination under a light-optical microscope aﬁe(Ref. 6). The micropitting test is in two parts and
the end of the test revealed no exposed flank aé'eeﬂcompasses a load stage test and a subsequent
either on the pinion or on the gear. i endurance test. In the load stage test, the micro-

The scuffing test with the WC/C-coated ge-:arpitting resistance of the tribological system gear
set in combination with the basic oil shows t;hdubricant is determined in the form of a damage
wear-protecting effect of the WC/C-coating. 1 load level in given operating conditions. The

After completion of the test to load level 1?,endurance test gives information about the pro-
the total mass loss recorded with the basic oi;! igression of damage over greater load cycles.
practically identical to the total mass loss of the The standard test gearing used in the micropit-
tooth flanks lubricated with the reference oll Withting test is the unmodified FZG-C test gearing. As
additives within the bounds of measuremé;:nShown in previous analyses carried out by the
reproducibility when determining mass loss. i authors (Ref. 8), the entry impact of these gear
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teeth caused by the absence of tip relief Ieadls 0

. . . - egend step test endurance test
damage of any _Coatmg applied, _thereby |_mpedi|n uncoated gears duration16h/load stage | control after 80h each
any wear-reducing effect. For this analysis, therg- " yinout tip relief T T T
fore, modified test gearing is used, with crownlh o with tip relief pm J J,
and tip relief on the pinion and gear. ! WC/C-coated gears £ ool ~ JP777777777 797777

In these analyses, micropitting tests were cartidd a Without tip relief 8 fl'l ! s
out with two sets of gears, one uncoated and Ib e o Wwith tip relief 2 5 | )
PVD-coated, and the rapidly biodegradable synthet- test data: e |
ic ester with additives (reference oil CLPE 10¢) micropittingtest C /8.3/ 90 % fa”Ufe """“ !
The mean pinion profile form deviation measure '”_Ibt"“a”t "ifere_"Tm_‘;LEE"PE 100) 5 10 J bi —e ]
in these tests is shown in Figure 5. The results §f ., oo - & Loglefleseed,
jet lubrication g i Y /|

micropitting tests with the unmodified FZG-C tést

t dae T s |
gearing variant are also shown (Ref. 8). ! f;?::ll; gidégff:":: QEJE%E‘?:FUTTTO“‘E_T:?:TO_—%%
In Figure 6, the profiles of the unmodified and ’ [)| L | |

modified test pinions are documented. If we lopl f1ank modification: loadstage 5 6 7 8 9 10 8 10 10 10 10 10
. o | crowning C, = 12+/-1.5 ym P i Nimm? 795 945 1094 1245 13851547 1245 1547 ——
at the mean profile form deviation of the unmo@

fied pinion variants, we observe an almost COmmFlgure 5—Mean profile form deviation measured at the unmodified and modi-
uous increase in both instances. This is |ar98|ﬂed test pinions in the micropitting test.

affected by the cratering caused by the erjtrv

impact in the root region of the gear toon;h substrate wcic
Micropitting was also detected over the entrg P N P T
idth of the tooth of th ted pinion in the ihi{ 125 92 55 | [CpEeEs e
width of the tooth of the uncoated pinion in the ifiy . oisinatest o8 3190 §"é o B Lo
tial meshing contact area (see Fig. 7). ! lubricant: reference ol Z2 1 T
Under the same test conditions for the WC/C- (CLPE 100) %E - L ' { ! i
. R . I 1
coated pinion, no micropitting was recorded r;l:::r:t::w"r‘gnc ro 1721717 %
Nevertheless, very small pits had developed m'tk g;éL ' T ET('\ —f—

initial meshing contact area. . profile modification: > =

If we look at the mean profile form dewanods by r:g;im m | [T TEE o] | [ Tom TS 2
measured on the corrected uncoated test p|n|o=n i £ — e R R
Figure 6, it is clear that the entry impact is suffi] flank modification: 22 | - - 7
ciently reduced by the tip relief to prevent craterin Ccm::;'ff_1 5 um ag | [ [ L]
in the tooth engagement area, while a practic?l ' ' é% ,
constant profile form deviation of f= 3.5 pmisi g [ S H I

om

measured over the entire test period. The Wd/ :
coated corrected test gearing displays a practicallyigure 6—Profile measurement on unmodified and modified test pinions in the
identical progression of measured profile fonmmlcroplttmg test.
deviations.
Analyses in Accordance with
the FZG Macropitting Test Method i
The so-called FZG macropitting test is a sh'pnt
test to determine the macropitting resistance c%f a
gear set (Ref. 7). It is a repeated single-stage%te Etest data:
of dgep fatigue strength. This test procedur_e is @l ’(Micmpiningtesl /83190
carried out on the FZG back-to-back test rig (@e TR
4). The test gearing has the same gearing dauia (CLPE 100)
the test gearing for the micropitting test, but with 4 temperature: T= 90°C
less roughness (R 0.2 ... 0.4 pm). L | jet lubrication
One uncoated and one WC/C-coated variant ¢f
the modified FZG-C gearing is analyzed in ccin
junction with the reference and basic oils. Thaa
stress cycle limit in the standardized FZG macrd
pitting test (Ref. 7) is specified as 40 6 messi
cycles on the driving pinion. For improved diﬁek- Figure 7—Photographs of the uncoated and WC/C-coated tooth flanks of the
entiation of the test results, within the contextiofunmodified pinion after the end of the micropitting tests.
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uncoated WCIC-coated
base oil base oil
COE 100 COE 100
4001
350/ |
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uncoated
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CLPE 100

Figure 8—Run times in the macropitting test.
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Figure 9—Surface structure of the uncoated pinions.
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Figure 10—Surface structure of the WC/C-coated pinions.

this analysis, a stress cycle limit of 54 6 fi@st
duration 400 hr.) is set. The results of the macro-
pitting tests carried out on the test gearing are
documented in Figure 8 on the basis of the run
times achieved and in the form of photographs of
tooth flanks at the end of the test.

It is essentially possible to determine that the
natural macropitting resistance of the basic oil
without additives is already so high that the test
gearing in two out of three tests endured 50°- 10
stress cycles without macropitting damage.
Taking into account the stress cycle limit of 40 -
1P stipulated in the test specification, all three
test gear sets would be evaluated as fatigue-tested
without damage.

The macropitting tests with the rapidly
biodegradable synthetic ester with additives also
produced two fatigue-tested specimens without
damage in three tests. The flank photos in Figure
8 nevertheless also document that massive
macropitting damage occurred in one each of the
test sequences of the uncoated variants.

The results of the macropitting tests with WC/C-
coated test gear sets are also shown in Figure 8. In
this case, two tests were carried out respectively
with the reference oil and with the basic oil. In
those tests, the stress cycle limit without damage of
54 - 16 was achieved. This result therefore implies
a positive influence of the WC/C coating on the
tooth flank resistance and/or on the stress cycles
endurable without damage.

In order to obtain additional information about
the condition of the tooth flanks, as well as visu-
ally inspecting the tooth flanks of the test pinion,
individual specimens were examined after preset
run times with the aid of a contact stylus instru-
ment and a device for measuring the 3-D surface
roughness. Figures 9 and 10 show 3-D contact
stylus measurements of uncoated and WC/C-
coated pinions, respectively.

The measurements were carried out before the
start of the macropitting test, after 160 hours of
run-time and at the end of the test. The measure-
ment process was designed to enable measure-
ments to be carried out in the same area of the
tooth flank in each case.

If we look at the surface structures of the
uncoated pinions shown in Figure 9, we can
observe grinding marks running in the direction
of the tooth width resulting from the hard fine
machining with Maag finish grinding. The initial
roughness of the tooth flanks in the direction of
the profile is approximately R= 2.4 um. No
obvious alteration of the surface structure of the
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tooth flanks during the test period can baa

observed on the gearing lubricated with referenc test data: micrtt)pittting macropitting fﬁr;fnl cond;?iol
Micropitting test (576 h) €s test of the gear flanks
oil nor on the uncoated test gearing Iubrlcate with subsequent . o
with basic oil. | macropitting test o M '
(max. 400 h) -] -
The measurements of the WC/C-coated pll - 7
ions in Figure 10 show that the tooth flanks aftgMicropitting test: 3 ;

coating—that is, before running—display &r]!ubricant: reference oil
9 9 play 4 (CLPE 100) VD

isotropic surface structure in which the grindihg . _ane it

. ) | Yoil temperature: T = 90°C FiL—
marks are no longer clearly discernible, althougfiet iubrication —
all test gear sets (uncoated and WC/C-coafe MICropitting | 4 cropitting test final condition

. ! - . test of the gear flanks
come from the same production batch. The caufacropting test -
is the microblasting treatment of the gearing. Thig“>"e™ :ET:E?ZS: —

: |
treatment was carried out as standard by it emperature: T = 90°C
coater before the coating. ' dip lubrication e
As the run-time of the macropitting testsn< — ———

increased, the WC/C-coated pinions dlsplayI I if - '-
evening of the surface roughness in the form dl)f a
significant reduction of the roughness peaks ane
troughs. This evening out of the surface roughnésgigure 11—Profile tracings and flank photos of the pinions in the random test.
which can also be observed in analyses of WQ/(Sive macropitting damage occurred in the macro-
coated rollers not shown here (Refs. 1-3 andi 8jitting test after a run-time of 60 hours. Scuffing
leads to an increase in the supporting area oﬁ theas also detected at the tip of the pinion tooth
tooth flanks in comparison with their uncoat?dwhich had resulted, however, from meshing
states and thereby to a reduction of the local loadnterference as a result of the large area of macro-
ing on the tooth flank edge zone. This behavion," opitting damage. A photo of a tooth flank is shown
the coating, in combination with the low frictio}n at the top of Figure 11. In comparison, the WC/C-
value of the coating, may be the cause of a positiveoated test gearing was free from damage at the

200 60h 1600 A00h

wcCi/C

influence on the macropitting resistance. : end of the macropitting test after 400 hours, as
Random Tests on the Load-Bearing Capacity} documented at the bottom of the figure on the
with Increased Run Time i basis of the recorded profile measurements and

In order to be able to gain a more precise in'dithe flank photographs.
cation of the macropitting resistance of WC/;C- The result of this random test further clarifies
coated gearing in comparison to uncoated geathe positive influence of a WC/C coating on macro-
ing, two random tests with increased run-tir:nmitting resistance and endurable stress cycles.
were carried out. The results are given belq:)W. Summary
One uncoated gear set and one WC/C-coated igear This report documents the results of analyses
set were chosen for each random test. Both é;eaf the amorphous metal-carbon coating WC/C
sets had been previously used in a micropitt?ngipplied by means of the PVD process in the tri-
test. These two gear sets had each undergonebalogical system of tooth flank contact. It pre-
full micropitting test with a run-time of 57{:‘; sents test-bed analyses in which the use in opera-
hours with identical load sequences and using:thﬂaon of uncoated and WC/C-coated gear wheels
reference oil. In this initial state, both gear setsvere tested in combination with a rapidly
were subjected to a trial run under Hertzian cdmbiodegradable synthetic ester and its basic oil. As
pression at the pitch point normally used in ﬁhe/vell as determining the load-bearing capacity of
macropitting test of p= 1,659 N/mm. i WC/C-coated gearing, investigations were also

Figure 11 shows the profile measurement:amed out to the extent that the wear protection
recordings for the pinions at the start and the prrtdmcuons of the surfactants contained in lubri-
of the first performed micropitting test. It is possi-cants can be assumed by the coating.
ble to see that only a minimal profile form devi;a- The analyses with uncoated and WC/C-coated
tion occurred during the progress of the micro¢itgear wheels in combination with synthetic ester
ting test. The test gear sets were inspected at r‘egmd basic oil revealed a significant difference,
lar intervals throughout the macropitting test anq)arncularly in the scuffing test, with regard to
after defined run times on a gear measurement]' rigeear on the tooth flanks. Under the specified test

In the case of the uncoated set of gears, masenditions, approximately 2.5-fold less mass loss
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of pinion and gear was recorded in the case ofjtiTgis paper was presented at the International Conference on Gears,

: ; i ; i.-held March 13-15, 2002, in Munich, Germany. It was also published
wcic Coatmg using base ol in comparison W_’ﬂty VDI Verlag GmbH in the conference’s proceedings, in VDI report
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