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I: ! ' 'b'*'" Gear d r i v e s  a r e  f r e q u e n t l y  exposed t o  jePky s t r e s s e s  ; 
' which a r e  g r e a t e r  than  t h e i r  f a t i g u e  l i m i t .  These stresses I 

a r e  considered i n  gear  c a l c u l a t i o n s ,  f irst ,  by shock f a c t o r s  ' Z 

when t h e  t ransmiss ion  is t o  be designed as high-endurance wi th :  I 
regard t o  over loads  and, pecond, i n  t h e  form of  o p e r a t i n g  I 

I 
r a t i o s  when t h e  des ign  is  t o  be time-enduring wi th  regard  t o  I 
over loads  11, 21. The s i z e  o f  t h e  o p e r a t i n g  r a d i o  depends no t !  
only on torque  c h a r a c t e r i s t i c s ,  d r i v e  and p rocess ing  mazhine, 
but  a l s o  on t h e  m a t e r i a l  and heat  t r ea tment  [I]. A s  a  r e s u l t  
of  t h e s e  in terdependencies  and because o f  t h e  f a c t  t h a t  damage . 
occurs aga in  and aga in  i n  p r a c t i c e  i n  t h e  form of  t r a n s m i s i i o n  
with s u r f a c e  hardened g e a r s  which b r e a k ' a f t e r  a very long  
o p e r a t i n g  time (expla'ned by seldom-occurring jerky loads  1 ,  
t h e  p resen t  r e s e a r c h  p r o j e c t  "Jerky Loads on Surface-Hardened 
Gears"resuited. This  s tudy was f inanced by t h e  Research 

Accords (AIF). -- 
I Socie ty  f o r  Propuls ion  Tekhnology e . V .  and t h e  Study Group on , 
I 

17. Key (lord. (sa~oetea ey ~utner(e))  10. Q ~ o w ~ b ~ t i s n  Stotmmt 
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JERKY LOADS ON SURFACE-HARDENED GEARS 

H. R e t t i g B  and X. Wirth" 

ABSTRACT. Gear d r i v e s  a r c  f r e q u e n t l y  exposed 
t o  j e r k y  stresses which are g r e a t e r  t h a n  t h e i r  
f a t i g u e  l i m i t .  These s t r e s s e s  a r e  c o n s i d e r e d  i n  
g e a r  c a l c u l a t i o n s ,  f i r s t ,  by shock f a c t o r s  when t h e  
t r a n s m i s s i o n  i s  t o  be  des igned  a s  high-endurance 
w i t h  r e g a r d  t o  o v e r l o a d s  and ,  second ,  i n  t h e  form 
o f  o p e r a t i n g  r a t i o s  when t h e  d e s i g n  i s  t o  be t ime- 
e n d u r i n g  w i t h  r e g a r d  t o  t h e  o v e r l o a d s  [ I ,  23. The 
s i z e  o f  t h e  o p e r a t i n g  r a t i o  depends n o t  o n l y  on 
t h e  t o r q u e  c h a r a c t e r i s t i c s ,  t h e  d r i v e  and p roces s -  
i n g  machine,  b u t  a l s o  on t h e  m a t e r i a l  and h e a t  
t r e a t m e n t  [l]. A s  a  r e s u l t  o f  t h e s e  i n t e r d e p e n -  
d e n c i e s  and because  o f  t h e  f a c t  t h a t  damage o c c u r s  
a g a i n  and a g a i n  i n  p r a c t i c e  i n  t h e  form o f  t r a n s -  
m i s s i o n s  w i t h  sur face-hardened  g e a r s  which b reak  
a f t e r  a  ve ry  l o n g  o p e r a t i n g  t i m e  ( t h i s  i s  e x p l a i n e d  
by seldom-occurr ing j e r k y  l o a d s ) ,  t h e  p r e s e n t  r e -  
s e a r c h  p r o j  e c t  ' ' Jerky Loads on Surface-Hardened 
Gears" r e s u l t e d .  T h i s  s t u d y  was f i n a n c e d  by t h e  
Research S o c i e t y  f o r  P r o p u l s i o n  Technology e.V.""  
and t h e  Study Group on I n d u s t r i a l  Research  Accords 
( A I F ) .  T h i s  paper  i s  a n  e x c e r p t  from t h e  d i s s e r t a -  
t i o n  work performed by X. Wir th  a t  t h e  T e c h n i c a l  
Department f o r  Mechanical  Eng inee r ing .  

K 
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. Heinz R e t t i g  i s  a  s c i e n c e  a d v i s e r  t o  t h e  Department o f  Mechani- 
Components, Research Cen te r  f o r  Gear and Transmis s ion  Design 

Z) o f  t h e  Techn ica l  U n i v e r s i t y  o f  Munich ( D r .  H, W i n t e r ) .  Xavie r  
Wir th  i s  a s c i e n c e  a s s i s t a n t  i n  t h i s  depar t inent .  
%* 

I n q u i r i e s  r e g a r d i n g  t h i s  and o t h e r  s u b j e c t s  o f  t h e  Research  S o c i e t y  



1. I n t r o d u c t i o n  /lee 

It was t h e  goal  of t h e  s t u d i e s  

descr ibed he re  t o  use  dynamic cests 

and p u l s a t i o n  tests t o  de termine  how 

much j e rky  over loads  ( r e g a r d l e s s  o f  

t h e  s t r e s s  ampl i tude)  can be endured 
by use-hardened and g a s - n i t r i d i n g  
gea r s  without  reducing t h e i r  f a t i g u e  l i m i t ,  and what ro!e is  played by 

load in te rmix tu re .  

The pre l iminary  r e s e a r c h  o f  t h e  l i t e r a t u r e  [3]  showed t h e  import- 
a n t  r e s u l t  t h a t  t h e  load- increase  pe r iod  dur ing  mesh i s  s i g n i f i c a n t l y  

s h o r t e r  t h a n  t h e  torque  j e r k s  occur r ing  on a  t r ansmiss ion  i n  p r a c t i c e  

i f  we ignore  very low RPM (e .g . ,  d u r i n g  s t a r t - u p ;  s e e  F igure  1). So 
an  e x t e r n a l  to rque  j e r k  only i n f l u e n c e s  t h e  ins tan taneous  load ampli- 

tude ,  but  not  t h e  load- increase  t i m e  of  t h e  g e a r  s t r e s s .  

On a  very slow-running t r ansmiss ion ,  an  e x t e r n a l  to rque  j e r k  i s  

cons idered  as a simple over load,  a l though we should remember t h a t  

under some circumstances,  t h i s  load  ~ f f e c t s  more than  one too th .  Be- 

cause of t h i s  f a c t ,  i t  was p o s s i b l e  t o  determine t h e  i n f l u e n c e  of  
je rky over loads  on t h e  f a t i g u e  l i m i t  by a s c e r t a i n i n g  t h e  damage l i n e  

according t o  French [4]. 

By d e f i n i f i o n ,  t h e  French damage l i n e  i n  t h e  s t r e s s - c y c l e  d i s -  

gram i s  t h e  geometric l o s u s  of  a l l  s t r e s s e s  "a ,  N", which d e s i g n a t e  
t h e  beginning of  f a t i g u e - l i m i t  r e d u c t i o n  due t o  "a, N". The abbre- 
v i a t i o n s  a r e  summarized i n  Table 1. 

f o r  Propulsion Technology should be d i r e c t e d  t o  t h e  fo l lowing address :  
FVA e .V. ,  C o r n e l i u s s t r .  4, 6000 Frankfurt/M., W. Germany. 
td 
H 

Numbers i n  t h e  margin i n d i c a t e  pag ina t ion  i n  t h e  o r i g i n a l  f o r e i g n  
t e x t .  
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TABLE 1. ABBREVIATIONS 

a x i s  s epa ra t i on  
t o o t h  width 
dynamic f a c t o r  
modulus 
RPM 

number o f  load cyc l e s  
number o f  load cyc l e s  a t  f a t i g u e  l i m i t s  

number of load cyc l e s  t o  break 

number o f  load cyc l e s  t o  damage according t o  French 

number o f  load cyc l e s  of  t h e  jerky overload 

number o f  load cyc l e s  t o  break o f  t h e  Wohler-curve 

th resho ld  r a t e  
r a t e  o f  s t r e s s  
peak-to-valley height  
dedendum chord 
notch  depth  
p r o f i l e  s h i f t  f a c t o r  
number o f  t e e t h  
mesh angle  
angle  o f  skew 
notch ang le  o f  s i g h t  
dedendum pounding-off r a d i u s  

notch r a d i u s  

s t r e s s  
f a t i g u e  l i m i t  



2. Tes t  Gears and Equipment 

2.1. Tes t  g e a r s  

- 
Table 2 provides  informat ion  about  m a t e r i a l s ,  manufacture,  and - 

heat  t r ea tment  of  t h e  g e a r s  used f o r  t h e  dynamic and p u l s a t i o n  t e s t s .  

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

A 16  Mn C r  5 I Prominence m i l l e d ,  use-hardened, ground s i d e s  

Gearing 

I 31 C r  MoV 9 Normal m i l l  r o l l e d ,  ground, gas -n i t r ided ,  
without  notch  i n  dedendum 

I 

I 

Mater ia l  Manufacture and h e a t  t r ea tment  

Normal m i l l  r o l l e d ,  use-hardened, ground s i d e s  
wi th  ground notch  i n  t h e  dedendum 

Normal m i l l  r o l l e d ,  use-hardened? ground r i d e s ,  
c u t  dedendum round-off 

B 

C 

The modulus m = 2.25 mm was s e l e c t e d  f o r  t h e  gas -n i t r ided  g e a r s  
i n  o r d e r  t o  o b t a i n  a d e f i n i t e  t o o t h  break a s  a f a i l u r e  c r i t e r i o n  i n  
t h e  dynamic t e s t  (use-hardened gea r s :  m = 3 mm) .  

16  Mn C r  5 

1 6  Mn C r  5 

I 31 C r  MoV 9 

ver  s 
heat  

Normal m i l l  r o l l e d ,  g a s - n i t r i d e d ,  wi th  notch  
i n  dedendum 

Grinding t h e  g e a r s  proceeded by t h e  Maag-Oo process  [5]; i n  
i o n  D, i t  preceded hea t  t r ea tment ;  i n  a l l  o t h e r  c a s e s ,  it fol lowed 

t rea tment .  

The hardness depth  of  g e a r s  A ,  B, 2nd C was 0.5 t o  0.7 mm; t h e  
n i t r i d i n g  hardness depth  o f  g e a r s  D and E was 0.5 t o  0.6 mm on t h e  
raw component. Hardness va lues  from 660 t o  770 HV1 (use  hardened) 
o r  680 t o  730 (gas  n i t r i d e d )  were measured a t  t h e  unground edge. 
The core  hardnesses va r i ed  between 390 and 460 HV1, o r  275 and 
300 HV1. 



The geometric ratios of the I 
dedendum were maintained by means of 

the definitions in Figure 2. As 

notch depth t, we means the maximum 

ground depth in the dedendum, meas- 

ured perpendicular to the contour 

of the unground dedendum round-off. 

Table 3 shows the results of 

the dedendum measurement and the 

roughness values determined in - 

the break-endangered zone. Figure 2. Defined quanti- 
ties in the dedendum 

TABLE 3. RESULTS OF THE DEDENDUM MEASUREMENT (VERSIONS A TO E) 

2.2. Test apparatus 

To determine the Wohler lines and dan,ilge lines of the individual 

gears, the following test apparatus was available. For dynamic tests: 

Gearing 

A 

B 

C 

D 

E 

two stress test stands with preselection counter, each separated by 

91.5 rnm; for pulsating tests: an electronically controlled hydropulse 

unit of Schenck design POZ 0340 (6 Mp). 
< : 

By selecting a suitable hydraulic cylinder, by building a 
special stepped test frame, and by appropriate electronic devices, I 
6 

v --- .- - --- -- - 7. -,, .. - 

Notch 
depth t 
(mm) 

- 
0.16-0.26 

- 
- 

0.16-0.26 

Radius (rnrn) for 
30° tangent location 

Y ( " 1  

- 
20-28 

- 
- 

10-20 

Peak-to-valley 
height Rt (um) 

Dedendum 

1.60-1.70 
- 

0.94-1.47 

0.80-0.95 
- 

Dedendum 

12-25 
- 
3-5 
4-6 
- 

Notch 

- 
0.23-0.30 

- 
- 

0.20-0.35 

Notch 

- 
2-3 
- 
- 
3-4 



o p e r a t i o n  was p o s s i b l e  wi th  ~ u l s e - l i k e  loads  a t  r e l a t i v e l y  small 

load i n c r e a s e  t imes ( s e e  s e c t i o n  3 ) .  Figure  3 shows t h e  p u l s a t o r  un i t .  

Measurement o f  t h e  r e l a t i v e  
motion of  t h e  two p u l s a t o r  end p i e c e s  
dur ing  t h e  t e s t  run  proceeded by means 

of  an i n d u c t i v e  precision-motion pick-  
up Hot t inger  W1T/2 model; r ecord ing  
t h e  t o o t h  e longa t ions  and t h e  a c t u a l  

and t h e o r e t i c a l  load va lues  occurred  

by u s i n g  a  mult ichannel  photographica l  

r e c o r d e r  Honeywell 2208 A model. 

3 .  Performing t h e  T e s t s  

F igure  3.  E l e c t r o n i c a l l y  
c o n t r o l l e d  hydropulse 
u n i t  

I n  Table 4 ,  t h e  t e s t  p l a n  i s  shown i n  summarized form. F i r s t ,  
t h e  Wohler lines of  g e a r s  A t o  E were determined i n  t h e  p u l s a t o r  and 

dynamic t e s t s .  I n  a  second t e s t ,  t h e  damage l i n e s  from French ( l o a d  

drop I )  were determined. F i n a l l y ,  t h e  i n f l u e n c e  of t h e  time d i s t r i -  

bu t ion  o f  load  j e r k s  was examined over  t h e  l i f e  span f o r  t h e  l o c a t i o n  

of  damage l i n e s  ( l o a d  c a s e s  I ' ,  11, and 111). 

TABLE 4 .  TEST PLAN 

Load c a s e  I Gear d a t a  

Damage Type of t e s t  line I Material and mfg. 

A e !  C I  D I E  

-- 
-Dynamic -. - f ~ o a d  -- . I' i SL i - i - i - i - 

Pulsating ( Load I 1 I 1 1 1 2 

* Wohler l ine  
* * ~ a m a ~ e  l ine  

ORIGINAL PAGX Is 
OF POOR Q U ~  



The q u a n t i t i e s  held cons tan t  f o r  a l l  dynamic tests a r e  shown 
below: 

a x i s  s e p a r a t i o n :  
p in ion  RPM: 

d r i v e  power 

l u b r i c a t i o n :  
l u b r i c a n t :  

a  = 91.5 mm 
n = 3000 

NN = 11.5 kW 

i n j e c t i o n  l u b r i c a t i o n  (1 .2  l /min)  
FVA o i l  no. 3 with  4 %  s u l f u r -  

phosphorus added 
n  = 60cST (50°C) o i l  i n j e c t i o n  temperature:  toil = 50° C 

t y p e  of  d r i v e :  wheel d r i v e n  p i n i o n  

I n  o r d e r  t o  be a b l e  t o  make a  r e l i a b l e  s ta tement  about t h e  

a c t u a l  dedendum load ,  dynamic gea r  f o r c e  measurements were performed 

a f t e r  t h e  conclusion o f t h e  damage t e s t s .  It tu rned  o u t  t h a t  a pre-  

resonance of t h e  t r ansmiss ion  system occurred  i n  t h e  reg ion  of  t h e  

test RPM (according t o  an  e s t i m a t e  made a t  t h e  beginning of  t h e  t e s t s  

by us ing  t h e  ISO-outline [ 6 ] ,  t h e  main resonance of  t h e  gea r ing  a t  

modulus m = 3 mrn was ca. 12,00O/min). F igure  4 shows t h e  melsured 

course  of t h e  dynamic f a c t o r  
f o r  a l l  f i v e  gea r  v e r s i o n s  i n  - 

t h e  t e s t  RPM range. 

I n  o r d e r  t o  keep t e s t  
c o n d i t i o n s  as s imi la2  a s  pos- 

s i b l e  f o r  t h e  dynamic and 

p u l s a t i n g  tests, t h e  p u l s a t o r  

load i n  t h e  f a t i g u e  l i m i t  

range ( l1 j erky overloads' '  ) was Pinion n I W.1 I - 
a p p l i e d  a s  impulses (frequency:  Figure 4.  Dynamic f a c t o r s  of 

maximum 1 8  HZ). gears  A t o  E ( f o r  permanent l o a d )  

The in f luence  of t h e  load  r a t e  on t h e  breaking load was examined /J 
on v e r s i o n  A.  The r e s u l t  i s  shown i n  Figure  5. From t h i s ,  i t  pro- 

ceeds t h a t  t h e  average break load (50% f a i l u r e  p r o b a b i l i t y )  f o r  
" j e rky  l o a d s v  ( P  = 24 1 0 4  kp/s)  i s  about 6.5% h igher  than  . f o r  
" s t a t i c "  loads  ( P  = 60 kp/s) .  
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Figure  5. I n f l u e n c e  o f  l o a d  F igure  6. Load chronology i n  
r a t e  on break load  o f  g e a r  p u l s a t i n g  t e s t  i n  f a t i g u e  l i m i t s  

and endurance s t r e n g t h  r e g i o n  

A l l  f a t i g u e  s t r e n g t h  t e s t s  were performed under a s ine-shaped 

l o a d  cu rve  (110 Hz) f o r  r easons  of  t ime sav ing ,  s i n c e  no i n f l u e n c e  o f  

load  shape was expected  on t h e  f a t i g u e  s t r e n g t h  [3].  Figure  6 shows 

t h e  ch rono log ica l  load  cu rves  f o r  t h e  p u l s a t i n g  test .  S t r e s s i n g  t h e  

t e s t  g e a r s  occurred  between two p a r a l l e l  p u l s a t o r  end p i e c e s  ( F i g u r e  

4 )  over  4 (m = 3 mrn) o r  5 ( m  = 2.25 mm) t e e t h .  

The number o f  c y c l e s  t o  break  was determined f o r  t h e  endurance 
t e s t s  i n  t h e  p u l s a t o r  i n  t h r e e  d i f f e r e n t  manners: 

The break i n  t h e  hardened l a y e r  showed up by means of  an 
a c o u s t i c  s i g n a l  f o r  a l l  p u l s e  l o a d s  c l e a r l y  above t h e  f a t i g u e  
l i m i t  . 

A small permanent e l o n g a t i o n  d i s c e r n a b l e  on t h e  e longa t ion -  

t ime c h a r t  appeared s imul t aneous ly  w i t h  t h e  a c o u s t i c  noi:2. 

By means o f  t h e  c o l o r - p e n e t r a t i o n  p r o c e s s ,  t h e  c rack  was made 

v i s i b l e  r i g h t  from t h e  beginning  ( t h e  c o l o r  p e n e t r a t i o n  p rocess  

was noti s u c c e j s f u l  a t  f i r s t  f o r  u n s t r e s s e d  t e e t h ;  i t  wzs 
s u c c e s s f u l  only a f t e r  c rack  expansion under s t r e s s ) .  



4. Damage Lines a f t e r  Dynamic T e s t s  

Figure 7 - 10 show t h e  Wohler and damage l i n e s  according t o  
French, a s  determined i n  t h e  dynamic t e s t .  A l l  l i n e s  a r e  v a l i d  f o r  
a f a i l u r e  p r o b a b i l i t y  of  105, and do no t  cons ide r  t h e  measured 
dynamic f a c t o r s .  The loads  t h u s  correspond t o  t h e  s t a t i c  va lues  set 
at t h e  t e s t  s tand.  This  i s  
of no importance t o  t h e  
v a l i d i t y  of t h e  r e s u l t ,  s i n c e  
only r e l a t i v e  va lues  a r e  com- 
pared. Although t h e  endur- 
ance l i n e s  c o n s i s t  of 5 - 10 
t e s t  p o i n t s  each,  t h e  f a t i g u e  
l i m i t s  of t h e  i n d i v i d u a l  ver-  
s i o n s  were determined s t a t i s -  
t i c a l l y  wi th  ca. 1 0  g e a r  
p a i r s  by means of t h e  s tair  
procedure [7 3. 

The corresponding damage 
Lines were determined s t a t i s -  
t i c a l l y  wi th  t h e  sane  proce- 
dure  f o r  two load h o r i z o n t a l s .  
The procedure was such t h a t  
one f a t i g u e  l i m i t  t e s t  was 
connected t o  one run  wi th  
over load;  t h i s  served t o  de- 
te rmine  whether t h e  f a t i g u e  
l i m i t  found i n  t h e  Wohler 
t e s t  had been r e t a i n e d .  The 
load i n  t h i s  second s t a g e  
corresponded i n  a l l  c a s e s  t o  
t h e  o r i g i n a l  f a i l u r e  l i m i t  

w i th  a  1 0 %  f a i l u r e  p r o b a b i l i t y .  

. . 
' C  , ! >''A ! . . J  

Gear * '.--~ohlef l ine  t.24 i i 
c d  ./DY-C;T . . 

~ o a d '  cyclee ---Q 

Figure  7. Wohler and damage l i n e s  
of  gea r ing  A a f t e r  dynamic t e s t s  
P r o t r  - p r o t r u s i o n ;  mat - m a t e r i a l  

,. . , .  , f allure 

. .I------ 
1 I , I ,  u n e  I =~O* I I  

-. 1 54 (w. notch) --.- --- 

Load cycles N - 
Figure  8.  Wohler and damage l i n e s  
of  gea r ing  B a f t e r  dynamic t e s t s  
Mat - m a t e r i a l  

Because of  t h e s e  tes t -caused c o n d i t i o n s ,  only Wholer and damage 
l i n e s  wi th  10% f a i l u r e  p r o b a b i l i t y  c o r r e l a t e .  S ince  only a t  10% f o r  
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load  amplitude of  t h e  second 
s t a g e  correspond t o  t h e  
a c t u a l  f 'a t igue l i m i t .  Ninety 
pe rcen t  of a l l  two-stage 
t e s t s  were consequently run  
with too  l i t t l e  s t r e s s  i n  t h e  
second s t a g e ,  which i n  t u r n  
r e s u l t e d  i n  a somewhat too  
h igh  load cyc le  f o r  t h e  
damage according t o  French. 

With regard  t o  the  prob- 
lems posed i n  t h e  in t roduc-  
t i o n ,  t h e  dynamic t e s t s  y i e l d  
t h e  fo l lowing r e s u l t s  : 

a )  Damage according t o  
French, i . e . ,  a r educ t ion  i n  
t h e  f a t i g u e  l i m i t  due t o  
j e rky  over load,  r e s u l t e d  - 

a ?  i-. : -<.+- - . failure a- 

Load cycles i -4 
Figure  9. Wohler and damage l i n e s  
of gear  P a f t e r  d y ~ ~ a m i c  t e c t s  
Mat -- n . t e r i a l  

a % ; .  1 :  h T  : - , Wohler , , 
lob ,Gear E , -.. l ine  uo:+ 

(0, . . . . .  . . ... 1 : : I '  
1 I0 lo' ioa Ibb 05 toe 10' 

Load cvcles N - . - - -  

with regard  t o  f u l l  load  Figure  10 .  Wohler and damage l i n e s  
s e r v i c e  l i f e  - e a r l i e r ,  t h e  of  gea7 E a f t e r  dynamic t e s t s  
g r e a t e r  t h e  overload a m p l i -  14at - m a t e r i a l  
tudes  were. For example, f o r  

gear  A ( p r o t r u s i o n  m i l l e d ,  use  hardened) wi th  a r a t i o  of  ustoss/uD = / 4  -- 
1.62,  damage according t o  French occurred r i g h t  a t  28% of  t h e  number 
of load c y c l e s  c~ break,  whereas a t  ustossiuD = 1.16, t h i s  type  of 

damage was observed only a t  52% o f  t h e  number of load c y c l e s  t o  b r e a k ,  

b )  Gas-ni tr ided gea r s  were s i g n i f i c a n t l y  more s e n s i t i v e  t o  over- 
loa3  than  use-hardened ones. A t  1.6 times over load,  t h e  f a t i g u e  
l i m i t  drop of gear  D began a t  ca.  5% (compared t o  30% f o r  gea r  A )  of 
t h e  number of  load c y c l e s  t o  break,  

c )  Ground notch,?s i n  t h e  dedendum had a f avorab le  e f f e c t  on t h e  

r e l a t i v e  overload endurance i n  t h i s  case  ( r e l a t e d  t o  t h e  fa t ig l l e  
l i m i t ) ;  n a t u r a l l y ,  t h e  s t r e n g t h  i t s e l f  was reduced. For example, I 



damage according t o  French occurred f o r  vers ic . ,  B (use  hardened wi th  
ground notch)  only at ca. 60% of  t h e  number of  load  c y c l e s  t o  break. 

d )  The test g e a r s  C (use  hardened) wi th  a ground dedendum 
showed a s i n i l a r  damage behavior  i n  t h e  range  examined as t h e  un- 
notched g e a r  A. T h e ~ e f o r e ,  i l l u s t r a t i o n  of  t h e  corresponding diagram 
was omit ted.  But t h e  r e s u l t s  a r e  inc luded i n  t h e  summarizing over- 
l o a d a b i l i t y  diagram (F igure  11). This  diagram c o n t a i n s  t h e  r e s u l t s  of  
t h e  two-stage tests o f  French: The load c y c l e  r a t i o s  NS/NW (damage 
according to French/number o f  c y c l e s  t o  break)  f o r  a l l  g e a r  v e r s t o n s  
s t u d i e d  were p l o t t e d  wi th  t h e  overload rat13 a/aD. 

1.00 

1::: 
L 
r a23 . 
(L 

0.m 

2 0.08 

a01 

LC 
7 )  Q) 0.02 
a J 4  

Overload ratio 

Figure  11. Loadab i l i ty  o f  gears A t o  E 
a f t e r  dynanic tests 

5. Crack and Damage Lines a f t e r  P u l s a t i o n  T e s t s  

The Wohler, c rack ,  and damage l i n e s  of gea r s  A, B, D and E 

determined i n  t h e  p u l s a t i o n  t e s t  a r e  i l l u s t r a t e d  i n  Figure  12 - 1 5  
i n  t h e  load cyc le  range o f  i ~ ~ ~ z . i a .  In c o n t r a s t  t o  t h e  dynamic 
tests, t h e  endurance i i n e s  were a l s o  s t a t i s t i c a l l y  covered. F igure  
16 shows t h e  i l l u s t r a t i o n  of t h e  c rack  and numbe? of load  c y c l e s  t o  
f a i l u r e  o f  gear  A i n  t h e  p r o b a b i l i t y  n e t  w i t h  logar i thmic  normal 
d i s t r i b u t i o n .  The de te rmina t ion  of endurance l i m l t s  and of  t h e  
damage l i n e  i n i t i a t i o n  proceeds analogous t o  t h e  dynamic tests ( sec -  
t i o n  4) by means of t h e  s t a i r  procedure (20 - 25 t e s t  p o i n t s  p e r  
endurance l i m i t ) .  
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The p u l s a t i o n  tests should show p r i m a r i l y  whether t h e  damage 
l i n e s  a s c e r t a i n e d  i n  t h e  dynamic t e s t  s t a n d  and i n  t h e  p u l s a t o r  are 
i n  a similar sys temat ic  i n t e r r e l a t i o n  as t h e  Wohler l i n e s  of  t h e  two 
test p rocesses  [8] and what r e l a t i o n  e x i s t s  between c rack  and damage 
l i n e s .  

The test r e s u l t s  can be presented  as fo l iows:  

a )  The damage l i n e s  of  unnotched g e a r s  A and D e x h i b i t  a 
similar curve  as t h e  corresponding ones from t h e  dynamic test .  How- 
ever ,  t h e  damage l i n e  of  g e a r  A opens i n t o  a Uohler l i n e  (Figure  1 2 )  
a t  very h igh  o v e ~ l o a d s .  The c r a c k  r e s u l t s ,  f o r  t h i s  g e a r ,  i n  t h e  
reg ion  o f  h igher  load  ampl i tudes  j u s t  be fo re  the  damage (according t o  
French) occurs ;  f o r  s m a l l e r  over load,  c rack  and damage l i n e s  run  to-  
ge the r .  Here, t h e r e  develops t h e  beginning o f  t h e  f a t i g u e  c rack  from 
the  c rack  i t s e l f .  The low o v e r l o a d a b i l i t y  o f  t h e  g a s - n i t r i d e d  v e r s i o n  
D (without  notch)  determined i n  the  dynamic test  was a l s o  confirmed 
i n  t h e  p u l s a t o r .  Both c rack  and damage seem t o  have a common begin- 
n ing  h e r e  (Figure  1 4 ) .  

b )  Large d i f f e r e n c e s  between t h e  damage l i n e s  of  dynamic and 
p u l s a t i o n  tests r e s u l t e d  f o r  v e r s i o n s  B and E wi th  ground notches  i n  
t h e  dedendum (Figures  1 3  and 1 5 ) .  The damage l i n e  of  t h e  use-hardened 
v e r s i o n  B p r a c t i c a l l y  co inc ides  wi th  t h e  Wohler l i n e  f o r  very small 
overload c y c l e s  rrv<roJ), whereas I n  t h e  r e g i o n  between 103 and 4 103 
i t  has a s t e e p  drop.  So, i n  t h e  p u l s a t o r ,  a 20% over load l e d  t o  a 
drop i n  endurance af ter  about  7% o f  t h e  load  c y c l e s  t o  f a i l u r e ,  
whereas i n  t h e  dynamic t e s t ,  t h e  damage according t o  French occurred  
i n  t h e  t o t a l  overload r e g i o n  only a t  60% of  t h e  f u l l  load  service 

l i f e  ( s e e  s e c t i o n  6 ) .  

The c r a c k  l i n e  I3uns approximately p a r a l l e l  t o  t h e  Wohler l i n e  
over  t h e  e n t i r e  load  c y c l e  range and opens - a t  small over load ampli- 
tudes  - i n t o  t h e  damage l i n e .  This  means t h a t  a c rack  which has 
r e s u l t e d  from a small nulllber of  h igh  over loads  does no t  n e c e s s a r i l y  
cause  any l o s s  i n  endurance s t r e n g t h ,  whereas a t  a smal l  overload 
s t r e s s  above t h e  endurance l i m i t ,  t h e  damage l i n e  according t o  
French is  a l r e a d y  reached.  

14 
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Figure  16. Endurance o f  F igure  17. Over loadab i l i ty  of gears 
gear A A t o  E according t o  pu1satc.y-- tests  . k 

%Number of  load  c y c l e s  f o r  dam&+ t o  
A q u a l i t a t i v e l y  equal  begjn according t o  French. 

BQNumber o f  load  c y c l e s  t o  f a i l u r e  
curve  o f  c rack  and damage +(wi th  no tch)  
l i n e s  shows up f o r  t h e  gas- 
n i t r i d e d  v e r s i o n  E with  c u t  notch  (Figure  15) .  However, t h e  damage 
l i n e  o f  t h i s  gear a l s o  has a c l e a r  s e p a r a t i o n  from t h e  Wohler l i n e  
a t  smal l  load  c y c l e s .  

d )  Version C ( u s e  hardened, dedendum ground o u t )  showed a s i m i -  
l a r  c rack  and damage l i n e  curve  i n  t h e  p u l s a t o r  as g e a r  A. The r e s u l t  
is  de r ived  from the o v e r l o a d a b i l i t y  diagram (Figure  1 7 ) ,  which is  
s i m i l a r  t o  F igure  11. 

6. S i g n i f i c a n c e  of  the  D i f f e r e n t  R e s u l t s  from 
Dynamic and P u l s a t i o n  T e s t s  

S ince  t h e  damage l i n e s  from dynamic and p u l s a t o r  tests on t h e  
g e a r s  without  c u t  notches  i n  t h e  dedend~rn do d i f f e r ,  t h e  fo l lowing 
d i s c u s s i o n  is  l i m i t e d  t o  t h e  notched v e r s i o n s  B and E. 

The c h a r a c t e r i s t i c  s t e e p  drop o f  t h e  damage l i n e  observed he re  
might p o s s i b l y  be caused by an  i n i t i a l  i n c r e a s e  i n  f a t i g u e  l i m i t  of 
t h e  c o r e  l a t t i c e  a t  h igh  overload wi th  i n c r e a s i n g  load cyc le ;  t h i s ,  
i n  t u r n ,  l e a d s  t o  a  s t r e n g t h  i n c r e a s e  o f  t h e  s t r e s s e d  too th .  From 
a c e r t a i n  load  c y c l e  t o  f a i l u r e  of  t h e  over load,  t h e  f a t i g u e  l i m i t  
begins t o  drop o f f  a g a i n  u n t i l  it reaches  t h e  o r i g i n a l  va lue  
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(beg inn ing  o f  damage a c c o r d i n g  t o  French)  and c o n t i n u e s  t o  d r o p  down 

t o  z e r o  (sample  f a i l u r e ) .  

Thiit t h e  s t a t e  o f  a f f a i r s  o c c u r r i n g  i n  t h e  p u l s a t o r  tes t  canno t  
a l s o  be  observed  i n  t h e  dynamic test  is c e r t a i n l y  a t t r i b u t a b l e  t o  t h e  
change ::.n l o a d  d i s t r i b u t i o n  o f  t h e  t e e t h  a f t e r  c r a c k i n g  o f  t h e  deden- 

dum. A!though t h e  l oad  a m p l i t u d e  i n  t h e  p u l s a t o r  i s  c o n s t a n t  a f t e r  
' ~ r r ~ l c -  : rack ing ,  t h e  t o o t h  undergoes  a  r e l e a s e  a f t e r  c r a c k i n g  i n  t h e  

dyr;ami, t es t .  T h i s  release is due  t o  t h e  f a c t  t h a t  t h e  gear s p r i n g  

c0nr.sat.t  d e c r e a s e s  w i t h  i n c r e a s i n g  r3rdck l e n g t h ,  and because  t h e  
gear* undergoes  a p l a s t i c  d e f o r m a t i o n  a f te r  c ~ a c k  i n i t i a t i o n  and is  

bendiilg more ( i n c r e a s e  i n  d e g r e e  o f  o v e r l a p  and a n g l e  of mesh). So, 

f o r  expnp le ,  t h e  permanent e l o n g a t i o n  o f  a  gear i n  t h e  p u l s a t o r  i n  
;he d i l . z c t i o n  o f  t h e  a p p l i e d  l o a d  on no tched  gear B a f t e r  t h e  first 

s h ~ k  (AP = 2000 kp)  was ca .  1 5  pm; a f t e r  t h e  t e n t h  shock - abou t  

25 pm. For  unnotched g e a r  A a t  AP = 1800 kp a f t e r  t h e  f i rs t  shock ,  

e l o n g a t i o n  was 8.5 pm and ,  a f te r  t h e  t e n t h  shock ,  1 5  pm c o n s t a n t  
e l o n g a t i o n  was measured.  

The release o f  a c r acked  t o o t h  i n  dynamic t e s t i n g  l a s t s  p robab ly  

un t i :  t h e  ne ighbor ing  t e e t h  e x h i b i t  c r a c k s .  Only t h e n  i s  t h e  first 

crack-damaged t o o t h  s u b j e c t  t o  i n c r e a s e d  l o a d  a g a i n ,  whereby q u i c k  
f a i l ~ r e  c f  t h e  t rg! lsmiss ion r e s u l t s .  

These t h o u g h t s  were confi rmed by o b s e r v a t i o n s  o f  t h e  damage 

diagram o f  t h e  r u n n i n g  g e a r s  t h a t  f a i l e d  due t o  broken t e e t h .  On 
t h e s e  gears, 3 - 4 t e e t h  were broken  i n  sequence ;  t h e  b reak  s u r f a c e  

o f  t h e  f i rs t  (counted  i n  t h e  d i r e c t i o n  o f  r o t a t i o n )  t o o t h  had t h e  

l a r g e s t  p e r c e n t a l e  o f  f a t i g u e  c r a c k i n g ,  whereas  t h e  f o l l o w i n g  t e e t h  

had i n c r e a s i n g  d e g r e e s  o f  mechanica l  b r a k e  s u r f a c e s .  

7. Modifled French  Two-Staae T e s t s  

; t r i . : t l y  s p e a k i n g ,  t h e  damage l i n e  a c c o r d i n g  t o  French i s  o n l y  

v ~ l i d  f o r  a  two-zbage load  c y c l e .  How much t h e  p o s i t i o n  o f  t h i s  

l i n e  changes  _ ' r ~  t h e  Wohler d iagram when j e r k y  o v e r l o a d s  o c c u r  i n  

uniform :+;quence o v e r  t h e  s e r v i c e  l i f e  s h a l l  be demons t ra ted  by 



so-called modified two-stage t e s t s .  For t h i s ,  t h e  overloads ape 
appl ied i n  t h e  form of ind iv idua l  j e r k  bundles, whereby t h e  i n i t i a l  
endurance l i m i t  was checked a f t e r  each overload i n t e r v a l  by an en- 
durance t e s t .  Figure 18 shows t h e  t e s t  r e s u l t s  of gear  B i n  a proba- 
b i l i t y  diagram f o r  an overload i n  i n t e r v a l s  o f  500 shocks ( load 
amplitude = 1450 kp). The hollow cLrcles  represen t  t he  j e r k  load- 
cyc les  of  t h e  ind iv idua l  tests f o r  which no decrease i n  endurance 
l i m i t  as found, and t h e  s o l i d  c i r c l e s  represen t  t h e  load cyc les  
where t h e  gear  samples were no longer found t o  be durable.  

Load cycle1~@'rs --' 

Figure 18. Crack beginning 
and damage t o  gear B f o r  over- 
loads i n  i n t e r v a l s  of 500 
shocks 

Figure 19. Inf luence of  load- 
bundling on t h e  pos i t i on  of  the 
damcage l i n e  of  gear B 

Under otherwise equal  condi t ions ,  add i t i ona l  t e s t s  with bundling 
of 50 Jerks were run. The t e s t  r e s u l t s  a r e  summarized i n  Figure 19. 
We see  t h a t  t he  pos i t i on  of t he  damage l i n e  ( f o r  50% f a i l u r e )  was 
not changed i n  t he  examined loadrange by the  j e r k  bundling. 

[The load t e s t  1' run on the  same toothing i n  a dynamic t e s t  - 
t h e  two-stage t e s t  according t o  French was preceded by an endurance 
run,  see  Table 4 - r e su l t ed  i n  minor s h i f t i n g  of the  damage l i n e  of 
ca. 30% (overload torque:  M = 38.6 kpm) i n  t h e  d i r e c t i o n  of g r e a t e r  
load cycles.]  

A similar t e s t  s e r i e s  with a use-hardened gear A (without 
notch) l ed  t o  t he  same r e s u l t .  Another r e s u l t  was obtained f o r  t he  
gas-ni t r ided gear vers ion E ,  f o r  which t h e  decrease i n  endurance 
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endurance l i m i t  i n  t h e  modified two-stage t e s t  occurred  much e a r l i e r  
than  i n  t h e  French two-stage t e s t .  

A t  t h e  ampli tude l e v e l  used i n  t h e  t e s t s ,  t h e  number of load 

c y c l e s  endured without any drop i n  f a t i g u e  l i m i t  from bundles of 50 
j e r k s  was reduced t o  ca.  25% (Figure  20) .  Thus t h e  damage l i n e  
a t t a i n s  an  even f l a t t e r  curve ,  and i t  

drops  nea r  t h e  crack  l i n e .  For t h i s  

reason,  i t  i s  recommended i n  p r a c t i c e  
t h a t  f o r  n i t r i d e d  g e a r s  t h e  crack  l i n e  

be cons idered  as a de te rmina t ive  

damage l i n e .  

8. summary 

The i n f l u e n c e  of  j e rky  loads  on 
t s  

Load cycle INMI, -4 

t h e  dedendum f a t i g u e  l i m i t  o f  use- Figure  20. The i n f l u -  

hardened ( m a t e r i a l :  16 F4nCr 5 )  and ence of  j e r k  bundling on 
t h e  p o s i t i o n  of t h e  dam- 

gas -n i t r ided  (materia:: 31 CrMoV 9) age l i n e  of gear  E 

g e a r s  with and without  ground notches  
was s tud ied  i n  dynamic and p u l s a t o r  t e s t s .  

The i n f l u e n c e s  were determined i n  t h e  form of  French damage 

l i n e s ,  s i n c e  - with  t h e  excep t ion  of very low RPM ( s t a r t - u p  pro- 
c e s s e s )  - t h e  load i n c r e a s e  time f o r  g e a r  mesh i s  s i g n i f i c a n t l y  
s h o r t e r  t h a n  t h e  load i n c r e a s e  time of  an e x t e r n a l  je rky torque .  

For very slow-running transmissions, a n  e x t e r n a l  torque  j e r k  can 

be considered a s  a  s imple over load,  a l though one must cons ide r  t h a t  
t h e s e  over loads  a f f e c t  more than one t o o t h  under some circumstances.  

i The i n f l u e n c e  of  t h e  chronology o f  j e r k s  over  t h e  s e r v i c e  l i f e  
on t h e  p o s i t i o n  o f  t h e  damage l i n e  was i l l u s t r a t e d  i n  s i m p l i f i e d  
form by j e r k  bundling. 

The s t u d i e s  showed t h a t  t h e  s e n s i t i v i t y  of a  surface-hardened 

gea r ing  t o  short- term over loads  i s  expressed by t h e  p o s i t i o n  o f  t h e  

damage l i n e .  
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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'-tangsnt led to an 

increase in relative overloadability (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 Teason 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 

life had no notable influence on the position of the danage line for 

use-hardened gears. 

For gas-nitrided gears, however, the damage line of the modified 

t*:70-stage test (shock bundling) ran flatter than according to the 

Fr.,;nch test. It lay in the region of the crack line for the load level 

examined. Therefore, in practice, it is recommended that for nitrided 

gears, the crack line be considered as a determinative damage line. 
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