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16 Aesmecr  Gear drives are frequently exposed to jerky stresses
which are greater than their fatigue limit. These stresses
are considered in gear calculations, first, by shock factors
when the transmission is to be designed as high-endurance with;
regard to overloads and, second, in the form of operating
ratios when the design is to be time-enduring with regard to
overloads [1, 2]. The size of the operating radio depends not
only on torque characteristics, drive and processing machine,
but also on the material and heat treatment [1]. As a result
of these interdependencies and because of the fact that damage
occurs again and again in practice in the form of transmission
with surface hardened gears which break after a very long
operating time (explained by seldom-occurring jerky loads),
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JERKY LOADS ON SURFACE-HARDENED GEARS

H. Rettig® and X. Wirth#*

ABSTRACT. Gear drives are frequently exposed
to jerky stresses which are greater than their
fatigue 1limit. These stresses are considered in
gear calculations, first, by shock factors when the
transmission is to be designed as high-endurance
with regard to overloads and, second, in the form
of operating ratios when the design is to be time-
enduring with regard to the overloads [1, 2]. The
size of the operating ratio depends not only on
the torque characteristics, the drive and process-
ing machine, but also on the material and heat
treatment [1]. As a result of these interdepen-
dencies and because of the fact that damage occurs
again and again in practice in the form of trans-
missions with surface-hardened gears which break
after a very long operating time (this is explained
by seldom-occurring jerky loads), the present re-
search project "Jerky Loads on Surface-Hardened
Gears" resulted. This study was financed by the
Research Society for Propulsion Technology e.V.¥#¥
and the Study Group on Industrial Research Accords
(AIF). This paper is an excerpt from the disserta-
tion work performed by X. Wirth at the Technical
Department for Mechanical Engineering.

Dr. Heinz Rettig is a science adviser to the Department of Mechani-
cal Components, Research Center for Gear and Transmlission Design
(FGZ) of the Technical University of Munich (Dr. H. Winter). Xavier
Wirth 1s a science assistant in this department.
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1. Introduction /1%

It was the goal of the studies
described here to use dynamic cests
and pulsation tests to determine how
much jerky overloads (regardless of

the stress amplitude) can be endured
by use-hardened and gas-nitriding
gears without reducing thelr fatigue limit, and what role is played by
load intermixture.

The preliminary research of the literature [3] showed the import-
ant result that the load-increase period during mesh is significantly
shorter than the torque jerks occurring on a transmission in practice
if we ignore very low RPM (e.g., durlng start-up; see Figure 1). So
an external torque jerk only influences the instantaneous load ampli-
tude, but not the load-increase time of the gear stress.

On a very slow-running transmission, an external torque jerk 1s
considered as a simple overload, although we should remember that
under some circumstances, this load c«ffects more than one tooth. Be-
cause of this fact, it was possible to determine the influence of
Jerky overloads on the fatigue limit by ascertaining the damage line
according to French [4].

By definition, the French damage line in the stress-cycle dia-
gram 1s the geometric locus of all stresses "o, N", which designate
the beginning of fatigue-limit reduction due to "o, N". The abbre-
viations are summarized in Table 1.

for Propulsion Technology should be directed to the following address:
FVA e.V., Corneliusstr. 4, 6000 Frankfurt/M., W. Germany.
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text.

1S
GINAL PAGE |
% POOR QUALITY

Eed - = eyl



N
;

PAGE K
QUALITY
3

ORIGINAL
OF POOR

89889004d YOOUS SNOTJIBRA JOJ SSWTQ 9SBSJIOUT PBROT]

*T 2an3t4g
'.uipc......u,.wA.J
22 = Z ‘Rd¥ 0Y0Z = u© ‘ysom iedny
8/u ¢ = A 1823 Sujpuaq 3Ioedwg
RdY 00ST = U “‘9y = 7z ‘yssm iBd)
s/m g/°T = A “}ooys 21IseTd

s/m ¢/°0 = A 18931 Bufpuaq 3owduy

—
s19pi18 Surloedmy HHV]
S/W Z/°T = A “)O0YS ITISBTT —~
Hd¥ 0%0Z - u ‘pTouls Usom 1839 /
sdunq o®val ‘2ATIp SuTaveaq we) Mﬂ/l

Ea

ssed 1saf3 uo TTTW SurTioy
3ur7dnod pi81a1 ‘wolIsLs sseu~-g ‘dUTSUD snouoayduLg

\
?10d-z “3TNOAIO 33oys ﬂmcﬂaamh./m
Suraeaq 2AT3ID9I2Pp YITA JojO0W UVOEIONPUT JO anluumuw.)fﬂm
Ioljou uotIonpui jo dn-3aeag N
auexd aaddiaas ‘3317

%

Ao1Tnd 243 uf 19313IBU)

Jtun joseaidmod ® 103 vmmmmiawﬁmuu//rgb
a9233ey> ssed I18iTj //(
oT3iselo~ucTivioxr ‘malsds SSEW-3AT] ‘aur8us snouoayoruig MW/n

ssed 31say3 ‘eyputrds TiT® SUITTOY
Myo'al dmny ‘ofpurds 2a1ag

s82138 Naa[ ‘oaTap uimj

. ._IB
(098) swy3l 25E21dUT PERO]

- - LR T i I |
§ A ¢
o

. .
N 2 \




TABLE 1. ABBREVIATIONS

& a axis separation

tooth width

dynamic factor

modulus

RPM

number of load cycles

number of load cycles at fatigue limits

number of load cycles to break

number of load cycles to damage according to French

number of load cycles of the jerky overload
number of load cycles to break of the Wohler-curve

threshold rate

rate of stress
peak-to-valley height
dedendum chord

notch depth

proflile shift factor
number of teeth

mesh angle

angle of skew

notch angle of sight
dedendum rounding-off radius

notch radius

stress
fatigue limit




2. Test Gears and Equipment

2.1. Test gears

Table 2 provides information about materlals, manufacture, and
heat treatment of the gears used for the dynamic and pulsation tests.

TABLE 2. MANUFACTURE AND HEAT TREATMENT OF TEST GEARS A TO E

Gearing] Material Manufacture and heat treatment

A 16 Mn Cr 5 Prominence milled, use-hardened, ground sides

B 16 Mn Cr 5 Normal mill rolled, use-hardened, ground sides
with ground notch in the dedendum

c 16 Mn Cr 5 Normal mill rolled, use-hardened., ground cides,
cut dedendum round-off

D 31 Cr MoV 9 Normal mill rolled, ground, gas-nitrided,
without notch in dedendum

E 31 Cr MoV 9 | Normal mill rolled, gas-nitrided, with notch
in dedendum

The modulus m = 2.25 mm was selected for the gas-nitrided gears
in order to obtalin a definite tooth break as a fallure criterion in
the dynamic test (use-hardened gears: m = 3 mm).

Grinding the gears proceeded by the Maag-0° process [5]; in
version D, i1t preceded heat treatment; in all other cases, 1t followed
heat treatment.

The hardness depth of gears A, B, and C was 0.5 to 0.7 mm; the
nitriding hardness depth of gears D and E was 0.5 to 0.6 mm on the
raw component. Hardness values from 660 to 770 HV1 (use hardened)
or 680 to 730 (gas nitrided) were measured at the unground edge.
The core hardnesses varied between 390 and 460 HV1, or 275 and
300 HV1.
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The geometric ratios of the

o dedendum were maintained by means of
4 the definitions in Iigure 2. As

_ notch depth t, we means the maximum
~ ground depth in the dedendum, meas-
B: | ured perpendicular to the contour
sg of the unground dedendum round-off.

2. Table 3 shows the results of
3% the dedendum measurement and the

e 7 — e
5 roughness values determined in
5 Figure 2. Defined quanti-
‘ﬁ the break-endangered zone. ties in the dedendum
4
'ﬂ TABLE 3. RESULTS OF THE DEDENDUM MEASUREMENT (VERSIONS A TO E)
21
- Radius (mm) for Peak-to-valley -
Notch Notch
[+
Gearing | 30° tangent depth t | location height Ry (um)
(mm) y (°)
Dedendum Notch Dedendum Notch
A 1.60-1.70 - - - 12-25 -
B - 0.23-0.30 | 0.16-0.26 20-28 - 2-3
c 0.94-1.47 - - - 3-5 -
D 0.80-0.95 - - - k-6 -
E - 0.20-0.35 | 0.16-0.26 10-20 - 3-4
2.2. Test apparatus I'
- . b3l
= To deftermine the Wohler lines and danage lines of the individual !;

- gears, the followlng test apparatus was avallable. For dynamic tests:
two stress test stands with preselectlion counter, each separated by
91.5 mm; for pulsating tests: an electronically controlled hydropulse

él unit of Schenck design POZ 0340 (6 Mp).

BTN oy
e

By selecting a suiltable hydraulic c¢ylinder, by building a

special stepped test frame, and by appropriate electronic devices,
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operation was possible with rulse-like loads at relatively small
load increase times (see section 3). Figure 3 shows the pulsator unit.

Measurement of the relative
motion of the two pulsator end pleces
during the test run proceeded by means
of an inductive precision-motion pick-
up Hottinger W1T/2 model; recording
the tooth elongations and the actual
and theoretical load values occurred
by using a multichannel photographical
recorder Honeywell 2208 A model.

Figure 3. Electronically
controlled hydropulse
3. Performing the Tests unit

In Table 4, the test plan is shown in summarized form. First,
the Wohler 1lines of gears A to E were determined in the pulsator and
dynamic tests. In a second test, the damage lines from French (load
drop I) were determined. Finally, the influence of the time distri-
bution of load jerks was examined over the 1ife span for the location
of damage lines (load cases I', II, and III).

TABLE 4. TEST PLAN

Load case Gear data

(| =t m = 3mm m = 225 mm

¥ 5Hlzg = 2/B )’z = SO
% |3 “RNSmm a - 91.5 mm

" B 1 1o = 10 mm ] = 10 mm

mxy, = 0mm mx - 0 mm
() ST, W !mx, - 0mm mx; = 0,38 mm

Damage Material and mfg.

Type of test line

A B C D ' E

Dynamic
Dynamic ]
Pulsating

Load I

WL'
8L

WL
SL

wiL
St

wL
SL

wi
SL

Load I'

SL

Load I

wL
St

wL
sL

wL
SL

wiL
SL

wL
sSL

Pulsating

Load II

8t

St |

SL

Pulsating'Load III! - R

*Wohler line
**Damage line




The quantities held constant for all dynamic tests are shown
below:

axls separation: a=91.5 mm

pinion RPM: n = 3000

drive power NN = 11.5 kW

lubrication: injection lubrication (1.2 1/min)
lubricant: FVA o0il no. 3 with 4% sulfur-

phosphorus added60 ST (50°C
0il injection temperature: tog1 = 50° C n ¢ 2 )

type of drive: wheel driven pinion

In order to be able to make a reliable statement about the
actual dedendum load, dynamic gear force measurements were performed
after the conclusion of the damage tests. It turned out that a pre-
resonance of the transmission system occurred in the region of the
test RPM (according to an estimate made at the beginning of the tests
by using the ISO-outline [6], the main resonance of the gearing at
modulus m = 3 mm was ca. 12,000/min). Figure 4 shows the meisured
course of the dynamlc factor
for all five gear versions in

".S L L L L S B T 1
the test RPM range. I “: Gear T +Test RPM :

l R A Ime)) 120

3 Laf- | B tme ) 117

In order to keep test w L] ctmear |12

] Dime2 X
conditions as simila- as pos- o e:m$§: "

o ] Yooy
sible for the dynamic and o - Ljpgérfiléyf e ,

L] — b -3 : ~—
pulsating tests, the pulsator a 0 }' ; f[f\/ ; ;{7} 7¥Q§ —
load in the fatigue limit g, - l NT“ |1 niml i m 151 z‘J”}w
range ("jerky overloads™) was Pinion otRPln——.
applied as impulses (frequency: Figure 4. Dynamic factors of

maximum 18 Hz). gears A to E (for permanent load)

The influence of the load rate on the breaking load was examined
on version A. The result 1s shown in Figure 5. From this, it pro-
ceeds that the average break load (50% failure probability) for
"jerky loads" (P = 24 - 10% kp/s) 1s about 6.5% higher than . for
"static" loads (P = 60 kp/s).

8
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p4 Sine-shaped load curve
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— b ——Puls. test — L_ ‘

™ U6 W BT % s Py o 0=

[ Break load * fuwi—+ b——Period — Time
Figure 5. Influence of load Figure 6. Load chronology in
rate on break load of gear pulsating test in fatigue limits

and endurance strength region

All fatigue strength tests were performed under a sine-shaped
load curve (110 Hz) for reasons of time saving, since no influence of
load shape was expected on the fatigue strength [3]. Figure 6 shows
the chronological load curves for the pulsating test. Stressing the
test gears occurred between two parallel pulsator end pieces (Figure
4) over 4 (m = 3 mm) or 5 (m = 2.25 mm) teeth.

The number of cycles to break was determined for the endurance
tests in the pulsator in three different manners:

* The break in the hardened layer showed up by means of an

acoustic signal for all pulse loads clearly above the fatigue
limit.

* A small permanent elongation discernable on the elongation-
time chart appeared simultaneously with the acoustic noi: 2.

* By means of the color-penetration process, the crack was made
visible right from the beginning (the color penetration process
was not successful at first for unstressed teeth; it was
successful only after crack expansion under stress).
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4, Damage Lines after Dynamic Tests

Flgure 7 - 10 show the Wohler and damage lines according to
French, as determined in the dynamic test. All llnes are valid for
a failure probability of 10%, and do not consider the measured
dynamic factors. The loads thus correspond to the static values set

at the test stand. This is
of no 1lmportance to the
validity of the result, since
only relative values are com-
pared. Although the endur~
ance lines consist of 5 - 10
test polnts each, the fatigue
limits of the individual ver-
sions were determined statis-
tically with ca. 10 gear
pairs by means of the stair
procedure [7].

The corresponding damage
lines were determined statis-
tically with the same proce-
dure for two load horizontals.
The procedure was such that
one fatigue 1limit test was
connected to one run with
overload; thls served to de-
termine whether the fatigue
limit found in the Wohler
test had been retalned. The
load in this second stage
corresponded 1n all cases to
the original failure limit

with a 10% failure probability.

g0 15emm s som e us:
HE; TR S v m ‘]L ji } failure
= IR N M : —
Iw‘muhju RTINS S RENAR AN AR S SRS
s - T" 13 3 v | v 4%
”.“P"G!ll IA = TJ; = " ‘ — :
et ot (P§a§7 TT=Wohler une#—-—r—-*.m-,.. —
' otr - g
8 04 40f Mat 16mncrs & T =
o me3 mm e SaS
o 32, 23130 SRR R T«Mﬁ e
= 02 20[° «10 mm __Damage ool il T > '
as200fe 00 —— + S UG S SO0 QIR
Rys 12 = 25 pm ’_4'11"!?2 D U IL PR 54 S S
53057 Tttt ]t
od ol T L0508 T it Dyn. tests
1 10 10? 109 10¢ . 0’ YLl w0’

Load cycles N —

Figure 7. Wohler and damage lines
of gearing A after dynamic tests

Protr — protrusion; mat — materilal
20y, SIS At . S Sy DT e %0 o
§| s TS e T {so}-/. failure
G I SRR T B RS T A R A! - ?
ool o T T 'L~--4—~u~»
089 pob—p— vt Stbastlure
1 8| 0" Gear B e — IWOtijiﬁz i p—
sof (w. notch) === \q-‘—-‘f e
o ‘o Mat emntis g T m "
=) ‘m «3 mm T ! ’ ~ oS
s Loy/2y s 23738 Dax;la'ge/ ]tiilél . T\ o i
1] a 10 10 %
ng‘u.wn.;‘:’L - w
Ew.- 2-3pm - . LSSIEIDEous aumd
i vl & ‘-0:00:0.10 ] 1 Dyn tests

] 0 b B o' 0t w
Load cycleg 8 —

Figure 8. Wohler and damage lines
of gearing B after dynamic tests

Mat — material

Because of these test-caused conditions, only Wholer and damage
lines with 10% failure probability correlate. Since only at 10% for

10
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711 two-stage tests did the OF POOR QUALITY
load amplitude of the second 20 = s
d pl ;Ta - s BT SO ST PR ‘riso} failure
stage correspond to the I;‘ "‘i[ ,,A‘iJ'gT A P peatere]
1004 + A ot s . 1 !
actual tatigue 1imit. Ninety 081 80f Ty Wohlermes
t of all ¢ ¢ = GearD )'4.%i\x41in€7?§""_f:
r percent of a wo-stage 5o WO. notch) ——d— oS
g @ Mat ncrmoveo . 53
! tests were consequently run e -;ﬂ#m
" 3/23 ¢
: with too little stress in the S e ol *t0 o ] :
:.o 2:';: . 0° Hline —— u
& &LeOpm -+ 17' —ti s — ==
second stage, which 1n turn ol w‘-ms-mgtﬁti o —— Dynamic rests
resulted in a somewhat too ' 0 0t 10 0t 0? 08w’

Load cycles n —s

high load cycle for the Figure 9. Wohler and damage lines
damage according to French. of gear D after dyuamic tects

Mat —- 1. .terial

f With regard to the prob-
o) - P I —
lems posed in the introduc §| s *,Z,‘:'.;} , Failure
tion, the dynamic tests yield I';'EI’:'"% e e
the following results: 0] sof Tt —=—— Wohler :
g s 0 g0/ Gear E; \\ line "-‘3‘1—"“
- |s0:(w notch) 3 — 1
Qo 404 Mat: 3KCrMovg 6 Tt PR e —
a) Damage according to T |aim eaasem TUTZT NS e
g Lyrzg ouse” L il B 3
French, i.e., a reduction in ,c-oz“,u 210 Damage o™ - -
o otne—e—e
ts -4 p : : e :» . et} J
the fatigue limit due to o ,Q.F“n"" s0m02 T hi——————Dynamic test.

Jerky overload, resulted — 1 0 02 10° 03 08 1w’
Load cycles N —

with regard to full load Figure 10. Wohler and damage lines

service 1life — earlier, the of gear E after dynamic tests

greater the overload ampli- Mat — material

tudes were. For example, for

gear A (protrusion milled, use hardened) with a ratio of Ostoss/ oD =

1.62, damage according to French occurred right at 28% of the number

of load cycles vo break, whereas at og4¢,55/0p = 1.16, this type of
damage was observed only at 52% of the number of load cycles to break.

b) Gas-nitrided gears were significantly more sensitive to over-
load than use-hardened ones. At 1.6 times overload, the fatigue
limit drop of gear D began at ca. 5% (compared to 30% for gear A) of
i the number of load cycles to break.

¢) Ground notch2s in the dedendum had a favorable effect on the
relative overload endurance in this case (related to the fatigue
limit); naturally, the strength itself was reduced. For example,

!
A
3 { 11




damage according to French occurred for versic.. B (use hardened with
ground notch) only at ca. 60% of the number of load cycles to break.

d) The test gears C (use hardened) with a ground dedendum
showed a sinilar damage behavior in the range examined as the un-
notched gear A. Therefore, illustration of the corresponding dlagram
was omitted. But the results are included in the summarizing over-
loadability diagram (Figure 11). This diagram contains the results of
the two-stage tests of French: The load cycle ratios NS/NW (damage
according to French/number of cycles to break) for all gear versions
studied were plotted with the overload ratis ¢/op.

' |8 (w. notch) s Load cycles to damage start
| 2 Protrus—- I acc. to Frency
' ~l » No. of cycles to failure

1S~sion
0.10 (gioulid;(\)u t) \J\

AAUSTSEL NG\

0 N, 2
{ N Y (w X X
(wo. notch) \rnotch)—\ \
A ]

\\
VIV AT

IHCritove o %HaCrS €

Iil L]

W0 12 % % A8 W 22 24 26 28 20
Overload ratio %

Figure 11. Loadabllity of gears A to E
after dynamic tests

P
»
e

[-]
.

[
~

cycle ratio, wgrny —e
I
[}
[

Load
- 8

5. Crack and Damage Lines after Pulsation Tests

The Wohler, crack, and damage lines of gears A, B, D and E
determined in the pulsation test are illustrated in Figure 12 - 15
in the load cycle range of 1<wv<2-106. In contrast to the dynamic
tests, the endurance iines were also statisticalliy covered. Figure
16 shows the illustration of the crack and number of load cycles to
failure of gear A in the probability net with logarithmic normal
distribution. The determination of endurance 1limits and of the

damage line initiation proceeds analogcus to the dynamic tests (sec-
tion 4) by means of the stair procedure (20 - 25 test points per
endurance limit).

12
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The pulsation tests should show primarily whether the damage
lines ascertained in the dynamic test stand and in the pulsator are
in a similar systematic interrelation as the Wohler lines of the two
test processes [8] and what relation exists between crack and damage
lines.

The test results can be presented as foliows:

a) The damage lines of unnotched gears A and D exhibilt a
similar curve as the corresponding ones from the dynamic test. How-
ever, the damage line of gear A opens into a Wohler line (Figure 12)
at very high overloads. The crack results, for this gear, in the
region of higher load amplitudes Jjust before the damage (according to
French) occurs; for smaller overload, crack and damage lines run to-
gether. Here, there develops the beginning of the fatigue crack from
the crack itself. The low overloadability of the gas-nitrided version
D (without notch) determined in the dynamic test was also confirmed
in the pulsator. Both crack and damage seem to have a common begin-
ning here (Figure 14).

b) Large differences between the damage lines of dynamic and
pulsation tests resulted for versions B and E with ground notches in
the dedendum (Figures 13 and 15). The damage line of the use-hardened
version B practically coincides with the Wohler line for very small
overload cycles w<109), whereas in the region between 103 and 4 - 103
it has a steep drop. So, in the pulsator, a 20% overload led to a
drop in endurance after about 7% of the load cycles to failure,
whereas 1n the dynamic test, the damage according to French occurred
in the total overload region only at 60% of the full load service
life (see section 6).

The crack line runs approximately parallel to the Wohler line
over the entire load cycle range and opens — at small overload ampli-
tudes — into the damage line. This means that a crack which has
resulted from a small number of high overloads does not necessarily
cause any loss in endurance strength, whereas at a small overload
stress above the endurance limit, the damage line according to
French 1s already reached.

14



' % hi 1,00 —
1 - X
§ s %‘: L ; ". Im c‘-\.%'Ol:Eld %““F‘—L—'— J

-~ % ' [ ,;:h, ..," ":*}h* 2aco oy d Hg No. cyclea*
R w1 0 g i M IRZGTET B NN
o ® sl ot 3 \(Wt!"‘)" 1 \‘\ u,. Crack begin.
| ® g Fae NPk '._L_-.-:%l‘- sy No. cycles®*
- 44 P AR BT 0 gosl-= 2 (u notch) | L1

8 ) ! }. ” L-ii I ,. ﬁo,ou = "“F”‘I'—-‘T _“Q”‘ﬂ_ﬁ

o i irg o ol o 1 \l s—vligitiy

w0 bt T u wo. notch)
8 . I ﬂl potiet e 0 %% 1
| Eerrneqii i 140 | :
a }Fﬁ:rf,f}ﬁ; Br‘*"kl’u].s. tests 39 0o \ i \ ' il SIS |
a 0 0 QB 0 w2 e w20 22 24 18 pe 18 a2
- Load cycles +—s Overload ratio *'o—
Figure 16. Endurance of Figure 17. Overloadability of gears
gear A A to E according to pulsatcr-tests S
#Number of load cycles for damage to -
begin according to French.
A qualitatively equal ##Number of load cycles to fallure
curve of crack and damage T(with notch)

lines shows up for the gas-
nitrided version E with cut notch (Figure 15). However, the damage
line of this gear also has a clear separation from the Wohler 1line

ffﬂ at small load cycles.

d) Version C (use hardened, dedendum ground out) showed a simi-
lar crack and damage line curve in the pulsator as gear A. The result
is derived from the overloadability diagram (Figure 17), which is
.‘ﬁﬁ similar to Figure 11.

6. Significance of the Different Results from /5
Dynamic¢ and Pulsation Tests

Since the damage lines from dynamic and pulsator tests on the
gears without cut notches in the dedendum do differ, the following
discussion is limited to the notched versions B and E.

The characteristic steep drop of the damage line observed here
might possibly be caused by an initial increase in fatigue 1limit of
the core lattice at high overload with increasing load cycle; this,
in turn, leads to a strength increase of the stressed tooth. From
a certain load cycle to faillure of the overload, the fatigue limit
begins to drop off again untll it reaches the original value
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(beginning of damage according to French) and continues to drop down
to 2ero (sample fallure).

That the state of affairs occurring in the pulsator test cannot
also be observed in the dynamic test 1s certainly attributable to the
change n load distribution of the teeth after cracking of the deden-
dum. A:though the load amplitude in the pulsator is constant after
‘amplc cracking, the tooth undergoes a release after cracking in the
dyriami. test. Thils release is due to the fact that the gear spring
conciart decreases with increasing crack length, and because the
gear undergoes a plastic deformatlion after crack initiation and is
bending more (increase in degree of overlap and angle of mesh). So,
for exanple, the permanent elongation of a gear in the pulsator in
zhe dirzction of the applied load on notched gear B after the first
shyck (AP = 2000 kp) was ca. 15 um; after the tenth shock — about
25 pm. For unnotched gear A at AP = 1800 kp after the first shock,
elongation was 8.5 um and, after the tenth shock, 15 um constant

elongation was measured.

The release of a cracked tooth in dynamic testing lasts probably
unti’ the neighboring teeth exhibit cracks. Only then is the first
crack-damaged tooth subject to increased load again, whereby quick
failure ¢f the transmission results.

These thoughts were confirmed by observations of the damage
diagram of the running gears that failed due to broken teeth. On
these gears, 3 - 4 teeth were broken in sequence; the break surface
of the first (counted in the direction of rotation) tooth had the
largest percentage of fatigue cracking, whereas the following teeth
had increasing degrees of mechanical brake surfaces.

7. Modified French Two-Stage Tests

itri:tly speaking, the damage line according to French is only
véeiid for a two-c.vage load cycle. How much the position of this
line changes 'n the Wohler diagram when jerky overloads occur in
uniform s-<quence over the service 1life shall be demonstrated by

156
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so-called modified two-stage tests. For this, the overloads are
applied in the form of individual jerk bundles, whereby the initial
endurance limit was checked after each overload interval by an en-
durance test. Figure 18 shows the test results of gear B in a proba-
bility diagram for an overload in intervals of 500 shocks (load
amplitude = 1450 kp). The hollow circles represent the jerk load-
cycles of the individual tests for which no decrease in endurance
limit as found, and the solid circles represent the load cycles
where the gear samples were no longer found to be durable.
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Figure 18. Crack beginning Figure 19. Influence of load-
and damage to gear B for over- bundling on the position of the
loads in intervals of 500 damage line of gear B
shocks

Under otherwise equal conditions, additional tests with bundling
of 50 Jerks were run. The test results are summarized in Figure 19.
We see that the position of the damage line (for 50% failure) was
not changed iIn the examined load range by the jerk bundling.

[The load test I' run on the same toothing in a dynamic test —
the two-stage test according to French was preceded by an endurance
run, see Table 4 — resulted in minor shifting of the damage line of
ca. 30% (overload torque: M = 38.6 kpm) in the direction of greater

load cycles.]

A similar test series with a use-hardened gear A (without
notch) led to the same result. Another result was obtained for the
gas-nitrided gear version E, for which the decrease in endurance
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endurance limit in the modifled two-stage test occurred much eariler
than in the French two-stage test.

At the amplitude level used in the tests, the number of load
cycles endured without any drop in fatigue limit from bundles of 50
Jerks was reduced to ca. 25% (Figure 20). Thus the damage line
attains an even flatter curve, and it

drops near the crack line. For this 1 % T T ™
1w Uamage T ™
reason, it is recommended in practice i xgegion fOfﬁfﬁ?. d
that for nitrided gears the crack line S el 05‘661310??, 2 N
. —terk -4 2
be considered as a determinative E ”bntenmls !
damage line. R RSN S AN
A 3 d 57_:.44...
Q - '1.7 R :‘v': o '
PRI AN R
. (e [FAH HEHH
8. Summary S Fmea for 50¢ failure
R A T Puls. tests
] wl 102 06
The influence of jerky loads on Load cycle (Nsge —
the dedendum fatigue 1limit of use- Figure 20. The influ-
. ence of jerk bundling on
hardened (material: 16 MnCr 5) and the position of the dam-
gas-nitrided (materiai: 31 CrMoV 9) age line of gear E

gears with and without ground notches
was studied in dynamic and pulsator tests.

The influences were determined in the form of French damage
lines, since — with the exception of very low RPM (start-up pro-
cesses) — the load increase time for gear mesh is significantly
shorter than the load increase time of an external jerky torque.

For very slow-running transmissions, an external torque jerk can
be considered as a simple overload, although one must consider that
these overloads affect more than one tooth under some circumstances.

The influence of the chronology of jerks over the service life
on the position of the damage line was 1llustrated in simplified

form by jerk bundling.

The studies showed that the sensitivity of a surface-hardened
gearing to short-term overloads 1s expressed by the position of the

damage line.
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The damage lines of gas-nitrided gears runs generally flatter
than those of use-hardened gears. Nitrided gears can thus be exposed
to smaller overloads.

Notched dedendums in the range of the 30°-tangent led to an
increase in relative overloadabllity (related to full-load service
life) in the dynamic test; however, the endurance strength itself was
reduced by the ground notch.

Although the damage lines from dynamic and pulsator tests of un-
notched gears agree relatively well, the damage lines of gears with
notches determined in the pulsator exhibit a characteristic steep
drop which was not observed in the dynamic test. The reason for this
is probably found in the dynamic test run, since a tooth that has
initially cracked undergoes a stress release due to elastic and plas-
tic deformation until neighboring teeth are also cracked.

For low overloads, the crack represents the beginning of a
fatigue break. Large overloads first lead to a crack and then, much
later, to a reduction in endurance limit. After the beginning of
cracking in the large overload range, the tooth undergoes a continuing
plastic deformation which was noted especially on notched teeth (see
section 6).

The time distribution of the jerky overloads over the service
1life had no notable influence on the position of the damage line for
use-hardened gears.

For gas-nitrided gears, however, the damage line of the modifie-?
tro~stage test (shock bundling) ran flatter than according to the
Fro.nch test. It lay in the region of the crack line for the load level
examined. Therefore, 1n practice, it 1s recommended that for nitrided
gears, the crack line be considered as a determinative damage line.
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