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M9 ACE Transmission Out p u t  Shaf t  Fa! 1 ures 
Execut ive Sumnary 

-i 
Dur ing t h e  Fo l low on Eva luat ion   FOE)"^^ t h e  M9 ACE conducted a t  Fc Hood, 

TX i n  1985, f ' ve  t ransmiss ion  output  s h a f t s  f a i l e d .  These occurred d u r i n g  
c o m p e t i t i v e  s i d e ' b y  s i d e  t r i a l s  w i t h  t he  D7 bu l l doze r .  Dur ing these t r i a l s ,  
t he  M9 w3s rapea ted l y  s h i f t e d  from reverse  t o  forward w i thou t  s topp ing  t h e  
v e h i c l e  as r e q u i r e d  5n t h e  ope rd to r ' s  manual. It was determined by c o n t r a c t o r  
t es t :  ny and conf i rmed by t h e  Physical Test Df v i s i  on, Engineer ing D l  r e c t o r a t e ,  
Combat Systems Test A c t i v i t y  (CSTA), t h a t  t h e  reversed t o r s i o n a l  l oad ing  
a p p l i e d  by t h i s  t y p e  o f  ope ra t i on  caused f a t i g u e  f a i l u r e  of t h e  shaf ts .  F a i l -  
u re  occurred a t  approx imate ly  30 percent o f  t h e  r e q u j r e d  l i f e  o f  t h e  shaf t .  

, i---The v e h i c l e  c o n t r a c t o r ,  P a c i f i c  Car and Foundry Company (PACCAR) , a1 or;g 
w i t h  t h e  t ransmiss i  on manufacturer ,  Clark Equi p e n t  ,-proposed modi f i c a t i o n s  
t o  e l i m i n a t e  t h e  f a t i g u e  f a i i  ures o f  t h e  sha f t s .  These m o d i f i c a t i o n s  i nc luded :  

---- - 
ii 

l I Redesigning t h e  s h a f t  t o  increase t h e  f a t i g u e  l i f e  by 
re charlgitig t h e  s h a f t  rndteria!, 
em :ncreasing t h e  r o o t  f i l l e t  r ad ius  o f  t h e  splines, 1.1 
a shot  peening t h e  s h a f t  

-- -- - - 1- 
- 0 ' .  Changing ;he s t e e r  i i n k r g e  t o  prevent  t h e  M9 f rom be ing  d r i v e n  

t h e  geared s t e e r  guide mode i n  reverse  t o  reduce t h e  to rque sp 
when s h i f t i n g  from reverse  t o  forward. t v  L \ 

J 

i n  
i kes 

r Modi fy ing  t h e  gear s h i f t  guide t o  i nc rease  t h e  t h e  t o  s h i f t  f 
reve rse  t o  fo rward  a1 1  owing engine speed and t o r s i o n a l  1 oad: ng 

rom 
t o  drop. 

\ 
-. 
Jhe M o b i i i t y  Aaa iys is  Branch o f  AEiSPA was called upon t o  assess these modi f -  
i c a t i o n s  and determine i f  any d d d i t i o n a l  t e s t i n g  would be requ i red .  Using 
i n f o r m a t i o n  gathered from FOE, t e s t i n g  and a n a l y s i s  conducted by PACCAR and 
Clark  Equ iprent ,  and t h e  f a i l u r e  ana lys i s  conducted by CSTA, t h e  f o l l o w i n g  
conc lus ions  were drawn. 

r Chang'ng t h e  s t e e r  l i n k a g e  t o  prevent  geared r t e e r  i n  reverse  i s  prob- 
a b l y  t h e  s i n g l e  most q i g n i f i c a n t  f a c t o r  i n  ex tend ing t h e  l i f e ,  of t h e  
sha f t .  This reduces maximum reverse  speed wh? ch  e f f e c t i v e l y  reduces 
t h e  l o a d i n g  on t h e  s h a f t ,  i nc reas ing  t h e  1 i f e  t o  n e a r l y  100 t imes t h e  
r e q u i r e d  1  i f e  accord ing  t o  f a t i g u e  t e s t i n g  conducted by Clark Equ: pment. 

r Quant i  f y i n g  t h e  e f f e c t s  o f  each o f  t h e  changes o f  che redesigned sha f t  
i n d i v i d u a l l y  i s  d i f f i c u l t ,  b u t  combined, an increase o f  5-10 t imes the  
o r ?  g i n a l  s h a f t  1  i f e  i s  expected. 

r i l o d i f y i n g  t h e  gear s h i f t  gu'de has a  minimal e f f e c t  on i nc reas ing  t h e  
s h i f t  t ime  o r  reduc ing  the  s h a f t  loading.  The b e n e f i t  o f  t h i s  m o d i f i -  
c a t i o n  i s  considered co be r e l a t i v e l y  i n s i g n i  f i c a n t  i n  comparison w; t h  
t h e  o t h e r  changes. 

Since t h e  f a i l u r e  l n v o l  ved a  major  d r i v e  t r a i n  component, A M S M  f e l t  
t h a t  some t ype  o f  v e r j f i c a t i o n  was necessary, bu t  because o f  t he  low r i s k  o f  
a t t a i n i n g  a  successfu l  f i x ,  suggested n o t  t o  de lay  t h e  product 'on dec i s ion  f o r  

iii 



a d d i t i o n a l  o p e r a t i o n a l  t e s t i n g .  Ins tead,  v e r i f i c a t i o n  cou ld  be accomplished 
by r e t r o f i t t : ? g  e x i s t i n g  v e h i c l e s  and t c s t i n g  p r i o r  t o  p roduc t i on  o r  d u r i n g  
t h e  scheduled I n i t i a l  P r o d . c t i o n  Test ( IPT) .  Dur ing t h e  OA Program Review 
presented t o  t h e  Army Systems Aqui s i  t i o n  Revi ew Counci 1  (ASARC) i n  September 
1985, a  dec 's ion was nrade t o  conduct a  v e r i f i c a t i o n  t e s t  accord ing  t o  AMSAA's 
recommendations but  de lay  t h e  c o n t r a c t  d e c i s i o n  u n t i l  t h e  f i x  had been proved. 
AMSAA wa; tasked w i t h  deve lop ing  t h e  Test Design Plan (TOP) i n  September 1985. 

V e r i f i c a t i o n  Tes t i ng  o f  t h e  M9's t ransmisson ou tpu t  shaf t  was designed t o  
s i m u l a t e ,  under c o n t r o l  1  ed condi  t i u n s  , t h e  c i  rcumstances which produced f a i  1  - 
ures d u r i n g  FOE. The purpose o f  t h e  t e s t  was t o  demonstrate t h e  adequacy o f  
t h e  f i x ,  s p e c i f i c a l l y  v e r i f y i n g  t h e  increased f a t i g u e  l i f e  as p r o j e c t e d  by 
t h e  c o n t r a c t o r .  Two v e h i c l e s  were t e s t e d ,  u s i n g  f o u r  d r i v e  sha f t s ;  twc 
s h a f t s  o f  t h e  o r i g i n a l  des ign  were t e s t e d  t o  f a i l u r e  and two sha f t s  of t h e  
new design,  i n c l u d i n g  m o d i f i c a t i o n s  t o  t h e  v e h i c l e s ,  were t e s t e d  t o  5 minimum 
o f  f i v e  t imes t h e  l i f e  o f  t h e  o r i g i n a l  s h a f t s .  The v e h i c l e s  were cyc led  
from fo rward  t o  reverse ,  w i t h o u t  s topp ing ,  t o  s imu la te  t h e  e f f e c t  o f  d i g g i n g  
f i g h t i n g  p o s i t i o n s  as was done i n  FOE. Government personnel mon i to red t h e  
t e s t  which was conducted a t  t h e  PACCAR f a c i l f t y  i n  Renton, Washington th rough-  
o u t  t h e  October - November 1985 t i m e  frame. 

The m o d i f i e d  s h a f t s  d i s p l a y e d  an increased f a t i g g e  l i f e  o f  over  f i v e  
t imes t h a t  o f  t h e  o r i g i n a l  s h a f t s  d u r i n g  v e r i f i c a t i o n  t e s t i n g .  I n  a d d i t i o n ,  
a f a i l u r e  a n a l y s i s ,  conducted on t h e  two o r i g i n a l  s h a f t s  by t h e  M a t e r j a l s  
Branch, CSTA, i n d i c a t e d  t h a t  t h e  t y p e  and l o c a t i o n  o f  t h e  f a i l u r e s  was almost 
i d e n t i c a l  t o  those which occur red d u r i n g  FOE. This i r i d i ca tes  t h a t  a1 though 
t h e  t e s t  procedures d i f f e r e d ,  t h e  v e r i f i c a t i o n  t e s t  a c c u r a t e l y  s in lu la ted  the 
c o n d i t i o n s  which produced f a i l u r e  d u r i n g  FOE. No o t h e r  d r i v e  2 a i n  f a i l u r e s  
were repo r ted ,  a1 though bo th  v e h i c l  es had expe r i  enced p r i o r  t e s t i  ng. The 
f a i l u r e  was no t  t r a n s f e r r e d  t o  any o t h e r  component i n  the d r i v e  t r a i n .  

The r e s u l t s  o f  t h e  v e r i f i c a t i o n  t e s t  s u b s t a n t i a t e  t h e  o r i g i n a l  data 
generated by t h e  c o n t r a c t o r  when e v a l u a t i n g  t h e  f a i l u r e  mode and de te rm in ing  
t h e  f i x .  The proposed mod? f i c a t i o n s  s i g n i f i c a n t l y  i nc rease  t h e  f a t i g u e  1  i f e  
o f  t n e  s h a f t  and a r e  judged t o  be an adequate f i x .  The s h a f t  i s  n o t  con- 
s i d e r e d  abuse p r o o f ,  however, 2nd o p e r a t i n g  procedures should s t i  11  r e q u i r e  
t h e  v e h i c l e  t o  be brought  t o  a  complete s t o p  dhen s h i f t i n g  from reverse  t o  
forward. No f u r t h e r  t e s t i n g  i s  cons idered necessary. 
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The 49 ACE i s  a  f u l l  t r acked ,  armored, h i g h  speed earc.hmover, designed 
t o  per form mobi 1 i t y  , c o u n t e n o b i  1  i t y  and s u r v i  vabi 1 i t y  tasks i n  support  o f  
l i g h t  o r  heavy forces.  Known as t h e  Universal  Engineer T rac to r  (UET) p r i o r  
t o  October 1980, t h e  M9 underwent eng'neering and servic: t e s t j n g  d u r i n g  t h e  
196C's. Due t o  r e l i a b i l i t y  problems, t e s t i n g  cont inued through t h e  1970's 
i n c l u d i n g  F i e i d  e v a l u a t i o n  a t  F t  Hood (1975) and tes t ' ng  uy the  US Army Test 
and Eva luat ion  Command (TECOM) i n  1976. Type c l a s s i f i c a t i o n  standard A was 
approved by t h e  Department o f  t h e  Army (DA) i n  February 1977 w i t h  procurement 
funding becoming avai 1 abl  e  i n  f i s c a l  year  1982-83. 

Betwee11 t h e  t ime o f  t ype  c l a s s i f i c a t i o n  and funding, many design changes 
were made, one o f  wh;ch i nc luded  d r i v e  t r a i n  components. A produc t i on  c o n t r a c t  
f o r  f i f t e e n  newly con f fgu red  M9's was l e t  t o  PACCAR i n  1982 w i t h  a  m u l t i - y e a r  
p r o d u c t i  on c o n t r a c t  p l  anned f o r  award i n September 1984. 

Dur ing 1983 i t  became apparent t h a t  data from t h e  Operat ional  Test (OT) 
would n o t  become a v a i l a b l e  be fo re  t h 2  p roduc t i on  c o n t r a c t  award. Therefore, 
DA d i r e c t e d  t h e  IPT scheduled f o r  Abcrdeen P r o ~ i n g  Ground (APG) (Ap r i  1  - 
September 1984) t o  be expanded t o  i nc lude  concur rent  Force Development Tes t ing  
and Exper imentat ion (FDTE). Fo l l ow ing  t h i s  t e s t ,  a  FDTE phase two was sched-. 
u l e d  t o  be conducted d u r i n g  t h e  Septemoer 1984 - March 1985 t ime  frame. In  
August 1984, t he  Vice Ch ie f  o f  S t a f f  o f  t h e  Army (VCSA)  d l  r e c t e d  a  s i d e  by 
s i d e  comparison 0:' t h e  M9 and t h e  D7  b u l l d o z e r  and ha1 ted  ongoing procurement. 
This FOE, conducted a t  F t  Hood, Texas (March - June 1985), took t h e  p lace o f  
t h e  scheduled FDTE phase two. 

Dur ing FOE, f i v e  t ransmiss ion  ou tpu t  s h a f t s  f a i  1  eti. These f a i  1  ures 
occurred whi 1 e  d i g g i n g  f i g h t i n g  p o s i t i o n s  d u r i n g  compe t i t i ve  s i d e  by s i d e  
t r i a l s  w i t h  t h e  D7. Durlng these t r i a i s ,  t h e  M9 was repeated ly  s h i f t e d  from 
reverse  t o  forward w i t h o u t  s topp ing  t h e  v e h i c l e  as requ i red  !n t h e  o p e r a t o r ' s  
manual . No f a i l u r e s  o f  t h i s  type were r e p o r t e d  d u r i n g  IPT a t  APG. 

Through c o n t r a c t o r  t e s t i n g  and a  f a i l u r e  a n a l y s i s  by t h e  Mzceri  a l s  Branch, 
Physical  Test D i v i s i o n ,  CSTA, i t  was determined t h a t  t he  reversed t o r s i o n a l  
load ing ,  a p p l i e d  by s h i f t i n g  on t h e  move, caused f a t i g u e  f a i l u r e  o f  t he  
s h a f t s .  The v e h i c l e  c o n t r a c t o r ,  PACCAR, i n  c o o r d i n a t i o n  w i t h  t h e  t ransmis-  
s i o n  manufacturer ,  C lark  Equi p e n t ,  proposed mod1 f i c a t i o n s  t o  t h e  v e h i c l  e  
and t h e  t r a n s m i s s i m  ou tpu t  s h a f t  t o  Increase t h e  f a t i g u e  l i f e .  The M o b i l i t y  
Ana lys i  s  Branch, Combat Support D i v i s i o n ,  AMSAA, was tasked w i t h  assess1 ng 
these mod! f i  c a t i  ons and 1  a t e r  developing a  Test Design Plan (TDP) t o  v e r i f y  
t h e  f i x .  This r e p o r t  documents t h e  a n a l y s i s  and tes t - ing  which was conducted. 

2. FATIGUE THEORY 

P r i o r  t o  t h e  rev iew of any t e s t i n g  o r  a n a l y s i s ,  an understanding o f  t he  
phenomenon o f  fat 'gue i s  e s s e n t i a l .  Fa t igue i s  gene ra l l y  thought  o f  as t h e  
apparent d e t e r i o r a t i o n  o f  a specimen which has been sub jec ted t o  repeated 
l o a d i n  J and unloading.  Since 1850, i t  has be$n recognized t h a t  a  m a t e r i a l  
sub jec ted  t o  a l t e r n a t i n g  loads w i l l  f a i l  a t  a s t r e s s  s i g n i f i c a n t l y  lower  than 
i t s  u l t i m a t e  o r  y i e l d  s t rength .  Fat igue f a i l u r e s  a re  comnonl j seen i n  machin- 
e r y  conta 'n ing r o t a t i n g  p a r t s  which a re  sub jec ted t o  a  l a r g e  number o f  cyc les  



a t  h igh  loads. It has been es t imated iil var ious  s tud les  t h a t  90 p + r c r n t  o f  
a1 1 mechanical f a i l u r e s  i n  machinery are  a t t r !  buted t o  f a t l gue .  

Many v a r i a b l e s  have an e f f e c t  on the  f a t i g u e  s t r e n g t h  of d corrponent, b c t  
i n i t i a l l y  t h r e e  f a c t o r s  are necessary t o  produce f a i  1  ure. These i nc l  ude: (1) 
c y c l i c  load ings  w i t h  a  l a r g e  v a r i a t i o n  i n  magnitude, ( 2 )  a  s u f f i c i e n t l y  h i g h  
a l t e r n a t i n g  s t r e s s  caused by t h i s  load ing ,  and ( 3 ;  a  h igh  number o f  app l i ca -  
t i o n s  o r  cyc les.  

C y c l i c  !oadings t h a t  l ead  t o  f a t i gue  f a i l u r e s  can be a p p l i e d  i n  a  v a r i e t y  
o f  ways. F igure  1 demonstrates t y p f c a l  f a t i g u e  s t r e s s  cyc les  generated by 
var1 ous types o f  a1 t e r n a t i  ng 1  oadi ng. Fi gure 1A i i 1 u s t r a t e s  a  s i  nusoidal  , com- 
p l e t e l y  reversed cyc le .  This i s  an i d e a l i z e d  s i  cuatio; l  b u t  can be approached 
by r o t a t i n g  shaf ts ,  ope ra t j ag  a t  a  constant  speed w i t h  no overloads. The 
magnitude o f  bo th  t h e  t e n s i l e  and con+ressive s t r e s s  f o r  each c y c l e  i s  equal 
producing a  mean s t r e s s  o f  zero. Most f a t i g u e  data  a v a i l a b l e  i n  l i t e r a t u r e  i s  
generated from t h i s  t ype  o f  s t r e s s  cycle.  

A more commo~ t ype  o f  fat:gue l oad ing  found i n  engineer4ng p r a c t i c e  i s  
a  s i t u a t i o n  where t h e  maximum t e n s i l e  and compressive s t resses  are no t  eqcal 
i n  magnitude, b u t  a1 t e r n a t e  between constant  values. This cyc le ,  r e f e r r e d  t o  
as a  repeated s t r e s s  cyc le ,  i s  i 1  l u s t r a t e d  i n  F i  gure 18. This i nc ludes  an 
a1 t e r n a t i n g  s t r e s s  which va r i es  around a  !mean o r  steady s t ress .  As t h e  mean 
s t ress  becomes more p o s i t i v e ,  t h e  a1:owable a l t e r n a t i n g  s t r e s s  decreases. 

Probably t h e  most common t ype  o f  1  oail i ng demonstrated i n  an opera t f  onal 
environment i s  t h e  i r r e g u l a r  o r  random cyc le  ( F i g u r e  1C) .  This type o f  
l oad ing  may e x h i b i t  several  random f l  uc tua t i ons  w i t h i n  one cycle.  Es t imat ing  
t h e  f a t i g u e  l i f e  o f  a  component can be ex t remely  d i f f i c u l t  when a component 
i s  exposed t o  random loadlnys.  

The maximum load  which occurs d w i n g  any t ype  o f  c y c l a  u s u a l l y  produces 
a  s t ress  t h a t  when averaged over t h e  e n t i  r e  c ross  sec t i ona l  area i s  we l l  
below t h e  y i e l d  s t r e n g t h  of t h e  m a t e r i a l .  However, very  h igh  l o c a l i z e d  
s t resses  may be produced i n  t h e  area o f  a  s t r e s s  concent ra t ion .  Stress con- 
c e n t r a t i o n s ,  which cause an i r r e g u l a r  s t ress  d i  s t r i  b ~ t i  on across t h e  c r m s  
sec t i ona l  area, a re  due t o  abrupt  changes i n  t h e  geo re t r y  o f  a  compcne~t .  
Holes, notches, small  f i l l e t s ,  and even inclusions w i t h i n  t h e  m a t e r i a l  a re  
some of t h e  more t y p i c a l  causes o f  s t ress  concent ra t ion .  The e x t r e ~ e l y  h i g h  
s t resses  p r o d x e d  i n  these small  areas 'can exceed t h e  y i e l d  s t r e n g t h  of t h e  
m a t e r i a l  , causing l o c a l i z e d  p l a s t i c  movement, r e s u l t i n g  i n  t h e  i n i  t i a t i o n  of 
a  mic roscop ic  crack.  The crack propagates s l  i g h t l  y  w i t h  each a d d i t i o n a l  
l o a d i n g  c y c l e ,  reducing t h e  cross sec t i ona l  area u n t i l  t h e  l oad  c a r r y i n g  
capabi 1 i t y  o f  t h e  component i s  exceeded. Fai 1  u re  then occurs sudaenly w i thou t  
warning. 

The f a i l u r e  o f t e n  resembles a  b r i t t l e  t ype  f a i l u r e ,  w i t h  no deformation, 
y i e l d i n g ,  o r  change o f  m a t e r i a l  away from t h e  f r a c t u r e .  The f r a c t u r e d  sur face 
u s u a l l y  d i s p l a y s  two d i s t i n c t  areas, a  smooth reg ion  due t o  t h e  rubb ing  a c t i o n  
as t h e  crack propagates, and a  rough granu lar  reg ion  where f a i l u r e  occurs i n  
a  d u c t i  1  e  manner when the  l oad  car ry !  ng capabi 1 i t y  o f  t h e  reduced cross 
s e c t i o n  i s  exceeded. Most f a t i g u e  f a i l u r c s  a r e  due t o  c rack ing  which i s  
i n i t i a t e d  on a  f r e e  su r face  i n  t h e  area o f  a  h igh  s t r e s s  c o n c e n t ~ a t i o n .  





The magn'tude of t h e  a l t e r n a t i n g  s t r e s s  which a  specimen i s  sub jec ted  t o  
has an enormous e f f e c t  on t h e  f a t i g u e  l i f e .  Inc reas ing  t h e  magnitude o f  t h e  
d l  t e r n a t i n g  s t r ess  w i l l  decrease t h e  number o f  cyc les  t h a t  a  component can 
w i t hs tand  be fo re  f a i l u r e .  A t  any g i ven  1  oad, o r  s t r ess ,  the  component has a  
correspond'ng f a t i g u e  l i f e  o f  N cyc ies .  This f a t i g u e  l i f e  (N) caq be d e t e r -  
m'ned from a  s t r ess - cyc l e  diagram commonly c a l l e d  a  S-N diagram. This  diagram 
i s  e m p i r i c a l l y  generated, by tes t4ng  severa l  1  i ke specimens t o  f a i l u r e ,  under 
a  p e r i o d i c a l l y  va ry ing  o r  a1 t e r n a t i n g  load. Theore t i ca l  l y ,  t he  specimens 
should be ' d e n t i c a l  t o  t h e  component i n  ques t ion  and sub jec ted  t o  l oad ings  
which d u p l i c a t e  t h e  ac tua l  s e r v i c e  cond i t i ons .  However, f a t i g u e  t e s t i n g  i s  
usual 1 y  c a r r i e d  ou t  under t h e  f u l l  y  reversed  t ype  1  oadi ng p r e v i o u s l y  descr ibed.  
P r e d i c t i o n s  o f  t h e  f a t i g u e  l i f e  f o r  f u l l y  reversed l oad ing  a n  be read d i r e c t l y  
f rom t h e  diagram. The f a t i g u e  l i f e  f o r  n o n - f u l l y  reversed load'ng can be 
es t imated  us ing  t h e  S-N d i  agram knowing t h e  s t resses  produced i n  t h e  component 
and t h e  m a t e r i a l  p rope r t i e s .  Care must be exe rc i sed  when e s t i m a t i n g  f a t i g u e  
l i f e  f o r  n o n - f u l l y  reversed l oad ing  s i nce  ac tua l  s t resses  produced by s t r ess  
concen t ra t i ons  a re  d i f f i c u l t  t o  p r e d i c t  and f a t i g u e  t e s t i n g  u s u a l l y  shows 
cons iderab le  s c a t t e r  ( i  .e., specimens f a i l  a t  d i f f e r e n t  t imes under i d e n t i c a l  
cond i t i ons ) ,  The f a t i g u e  l i f e  i n  these cases i s  d i f f i c u l t  t o  p r e d i c t  w i t h  
extreme accuracy. 

3. FAILURE ANALYSIS 

Ana lys is  was conduct?d by bo th  t h e  c o n t r a c t o r  and t h e  government t o  
determine t h e  f a i l u r e  mode of t h e  sha f ts .  Two o f  t h e  f a i l e d  sha f t s  were 
submi t t e d  t o  C la rk  Equipment, t h e  manufacturer  o f  t h e  t ransmiss ion ,  and two 
were submi t ted  t o  t he  Ma te r i a l s  Branch, Phys ica l  Test D i v i s i o n ,  CSTA. 

3.1 Con t rac to r  Analys is .  

A combined t e s t i n g  and a n a l y s i s  e f f o r t  was conducted by C la rk  Equip- 
ment and PACCAR t o  determine t he  f a i l u r e  mode and develop a  f i x .  The complete 
c o n t r a c t o r  ana l ys i s  can be found i n  Appendix A. Tes t ing  i nc l uded :  

0 Measuring to rque  i n  t h e  t ransmiss ion  ou tpu t  s h a f t  du r f ng  var ious  
ope ra t i ona l  modes. 

Conduct ing f a t i g u e  t e s t i n g  o f  t h e  o l d  and newly mod i f ied  sha f t s .  

0 Measuring t o rque  i n  t h e  s h a f t s  w i t h  mod i f i ca t i ons  a p p l i e d  t o  t h e  
s h a f t  and veh i c l e .  

Resu l t s  from these t e s t s  and a d d i t i o n a l  ana l ys i s  i n d i c a t e d  t h a t  
f a i l u r e  occur red  due t o  f a t i g u e ,  caused by t h e  opera to rs  s h i f t i n g  from reverse  
t o  forward be fo re  s topp ing  t h e  veh i c l e .  Torque sp ikes r e s u l t i n g  from t h i s  t ype  
o f  ope ra t i on  a long  w i t h  to rque  l e v e l s  produced by var'ous ope ra t i ona l  modes 
can be seen i n  Table I. Torque sp ikes  were recorded when s h i f t i n g  from 
reverse  t o  forward ho l d i ng  engine speed cons tan t ,  i n  bo th  s t e e r  modes, geared 
s t e e r  and c l u t c h  brake. These torques were measured f o r  b o t h  t h e  s tandard 

i ngs ,  gear s h i f t  gu ide and a  mod i f i ed  gu ide which was proposed t o  reduce l oad  
by i n c r e a s i n g  s h i f t  t ime  a1 low ing  engine speed t o  drop. 

Table 1 shows t h s t  t h e  rnaximum to rque  sp ikes occur  when s h i f t  
f rom reverse  two t o  forward two i n  t h e  geared s t e e r  mode. By survey'ng 



opz ra to r s ,  i t  was found t h a t  t h i s  was t h e  type  o f  ope ra t i on  which occur red  
dur 'ng FOE. Approx imate ly  90 percent  o f  t he  t ime  t he  opera to rs  used geared 
s t e e r  when back ing up and c l u t c h  brake when dozing. Sh! f t f  ng from geared 
s t e e r  t o  c l u t c h  brake occur red  a f t e r  s h i f t i n g  from reverse t o  forward on t h e  
forward move. Torque sp ikes  o f  7000 l b s - f t  were recorded when s h i f t i n g  from 
reverse  t o  fo rward  i n  t h e  geared s t e e r  mode, w i t h o u t  app l y i ng  t h e  brakes, 
and hold'ng enq'ne speed cons tan t  a t  2000 Fpm. Torques h i ghe r  than t h i s  can 
be expected i f  s h l f t i n g  occurs a t  maximum t r o t t l e ,  i .e .  2800 rpm. Table 1 
a? so shows t h a t  t y p i c a l  b u l l  dozS ng ope ra t i ons  produce torques we1 1  be1 ow 
those generated by s h i f t i n g  on t h e  move. 

The r e q u i r e d  f a t i g u e  l i f e  o f  t h e  s h a f t s ,  and afi e s t ima t i on  o f  t h e  
number o f  c yc l es  which produced f a i l u r e  was c a l c u l a t e d  by PACCAR us i ng  da ta  
c o l l e c t e d  d u r i n g  FOE. According t o  t h e  m i ss i on  p r o f i l e  o f  t h e  M9, 44.4 
percen t  of  t h e  ope ra t i ona l  t ime  i s  spent  doz ing,  w i t h  t h e  remainder consumed 
by t r a v e l ,  hau l i ng ,  g rad ing ,  sc rap ing ,  swimmitig, and i d l e .  During FOE, a 
t o t a l  o f  957 r eve r sa l  c yc l es  were counted i n  f i v e  hours w h i l e  doz ing tank  
t raps .  Using these  numbers and a  d u r a b i l i t y  goal o f  600 hours between n a j o r  
d r i v e - t r a i n  component f a i l u r e ,  a  t o t a l  o f  51,000 cyc l es  was es t imated  f o r  
t h e  r equ i r ed  f a t i g u e  l i f e  o f  t h e  s h a f t  under c o n d i t i o n s  s i m i l a r  t o  FOE. 

"Du r i ng  FOE, f i v e  v e h i c l e s  were operated an average o f  162 hours each b e f o r e  
f a i l u r e .  Thi; produced a  maximum o f  15,000 cyc l es  on each sha f t  a t  t h e  t ime  
o f  f a i l u r e .  Th is  i s  approx imate ly  30 percen t  o f  t h e  r e q u i r e d  l i f e  c f  t h e  
sha f t s .  

Government Analys is .  

The a n a l y s i s  conducted by t h e  M a t e r i a l s  Branch, CSTA, conf i rmed t h a t  
t h e  f a i l u r e  mode was reversed  t o r s i o n a l  f a t i gue .  C y c l i c  load'ng was a t t r i -  
buted t o  r e v e r s i n g  t o r s i o n a l  loads which were produced as t h e  v e h i c l e  changed 
d i r e c t i o n  w i t h o u t  s topping.  The complete l a b  r e p o r t  can be found i n  Appendix 
8. 

Cracks initiated and propagated near the  ;.wt f i l ! e t  o f  each s p l i n e  
t o o t h  w i t h  f r a c t u r e  occ .~ r r f  ng i n  t h e  t r ansve rse  p lane  o f  t h e  sha f t s  a t  sp l  i n e  
runout .  No ccher  c r a c k i n g  o r  de fo rmat ion  was found away from t h e  h i g h l y  
s t ressed  end o f  t h e  sha f ts .  

Two a d d i t i o n a l  s h a f t s  were submi t ted  t o  t h e  M a t e r i a l s  3racch f o r  
eva l ua t i on  which were taken  from v e h i c l e s  t h a t  had undergone IPT t e s t i n g  a t  
AFG. Al though these  s h a f t s  had n o t  f a i l e d  and no s h a f t  f a i l u r e s  were r epo r t ed  
d u r i n g  IPT, t h e  s h a f t s  were found t o  have l o n g i t u d i n a l  cracks I n  each f l l  l e t  
o f  t h e  s p l i n e s ,  ex tend ing  th rough  t h e  case. These s h a f t s  were judged t o  be 
t h e  same as t h e  f a i l e d  s h a f t s  i n  bo th  mater:al ( A I S I  8822) and +ardness. 

Recommendations o f f e r e d  by t h e  M a t e r i a l s  Branch t o  inc rease  s h a f t  
l i f e  h i g h l i g h t e d  reduc ing  t h e  s t r e s s  a t  t h e  s p l i n e  f i l l e t .  This cou ld  be 
accompl ished by i n c r e a s i n g  t h e  f i l l e t  r ad i us  o f  t h e  s p l i n e s  and r e q u i r i n g  t h e  
opera to rs  t o  b r i n g  t h e  v e h i c l e  t o  a  complete s t op   ken s h i f t i n g  from reverse  
t o  fo rward  t o  reduce load ing .  





4. PROPOSED CONTRACTOR FIXES 

The c o n t r a c t o r  proposed t h r e e  mod; f icat ions t o  t h e  s h d f t  and v e h i c l e  t o  
i n c rease  t h e  f a t i g u e  1  i f e  o f  t h e  d r i v e  sha f t s .  These i n c l  u d ~ d :  

r Shaf t  Redesign 

a Changing t h e  s h a f t  m a t e r i a l  f rom A I S I  8822 H t o  A I S I  8640 H t o  
i n c rease  u l t i m a t e  s t r e n g t h  and f a t i g u e  l i f e .  

a I n c reas i ng  t h e  r o o t  f i  1 l e t  o f  t h e  sp l  i nes  from .008 t o  .031 inches  
t o  reduce t h c  s t r e s s  c o n c e n t r a t i c ~ s .  

r e  Shot peening t h e  s h a f t  t o  decrease t h e  l i k e l i h o o d  of su r f ace  
c racks  and t h e i r  propagat ion.  

o  M o d i f i c a t i o n  o f  t h e  Steer L inkage 

a Changing t h e  s t e e r  l i n k a g e  t o  p reven t  t h e  M9 from be ing  opera ted  
i n  t h e  gearea s t e e r  mode i n  reverse  would reduce t h e  to rque  s p i k e  
when s h i f t i n g  from reverse  t o  forward.  

r M o d i f i c a t i o n  o f  Gear S h i f t  Guide 

r e  M d i f i n g  t h e  gear s h i f t  gu ide  t o  p rec lude  a  s t r a i g h t  s h i f t  
mot ion when s h i f t i n g  from reverse  t!, forward t o  inc rease  t h e  
t ime  requ i r ed  f o r  s h i f t i n g ,  a l l o w i n g  engine speed t o  drop. 
The new aes ign r equ i r es  a  l a t e r a l  mot ion  around a  p r o t r u d i n g  
ear  when s h i f t i n g  between reverse  and forward. 

C l  z r k  Equipment generated t o r s i o n a l  f a t i g u e  S-N curves under f u l  l y  
reversed l o a d i n g  us'qg t h e  o l d  and new s h a f t  designs. From these curves 
(F i gu re  2 ) ,  t h e  f a t i g u e  1  i t e  o f  each s h a f t  can be es t imated  under va r ious  
loadings.  Using these  curves, PACCAR es t imated  t h e  f a t i g u e  l i f e  of t h e  
s h a f t  i n  t h e  m o d i f i e d  H9 would be inc reased  by over  100 t imes. 

The c o s t  impact o f  these mod ' f i ca t ions  would be min imal .  Approx imate ly  
$100.00 pe r  v e h i c l e  on a  r e t r o f i t  bas is ,  r e p l a c i n g  t h r e e  minor parts,, and no 
c o s t  i n c rease  on f u t u r e  p roduc t ion .  

R~commendations from PACCAR i n c l  uded r e t r o f i  t t f  ng t h e  ex i  s t i  ng f l e e t  o f  
veh i c l es  w i t h  t h e  improved s h a f t ,  m o d i f i e d  s h i f t  gu'de, and modif 'ed geared 
s t e e r  1  i n k  and approvf ng these  m o d i f i c a t i o n s  f o r  f u t u r e  p roduc t ion .  Vo 
f u r t h e r  t e s t i n g  was recommended. 

5. ASSESSMENT OF FIX 

The M o b i l i t y  Ana l ys i s  Branch, AMSAA, was c a l l e d  upon i n  August 1985 t o  
assess t h e  modi f i ca t i ons  proposed by t h e  c o n t r a c t o r .  The AMSAA personnel 
v i s i t e d  PACCAR i n  Renton, Washington t o  rev iew t h e  a n a l y s i s ,  t e s t i n g  and 
recommendations. The complete AMSAA assessment can be found i n  Appendix C. 

The f a i  l u r e  mode o f  reversed t o r s i o n a l  f a t i g , ~ ?  as concluded by PACCAR 
and C la rk  was v e r j f i e d  by t h e  Phys ica l  Test D i v i s f o n ,  CSTA. This i s  impor tan t  
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due t o  t he  f a c t  t h a t  any f i x  should n o t  t r a n s f e r  t he  f a i l u r e  t o  t h e  nex t  
weakest ! 'nk i n  the  power t ra in .  Because of t he  phenomenon d f  f a t i g u e ,  compo- 
nents  f a i l  a t  a  s i g n i f i c a n t l y  lower  s t r e s s  than t h e  y j e l d  p o i n t  o f  t h e  mate- 
r i a l .  I n  i n c reas i ng  t h e  f a t i g u e  l i f e ,  t h e  same loaa'ng {; t r a n s f e r r i n g  
through t h e  s h a f t ,  however i t  i s  ab le  t o  w i t hs tand  m q r a  appl ' c a t i o n s ,  o r  
cyc les ,  a t  t h i s  load. Each component throughout  t h e  power t ra in  w i  l? expe r i  - 
ence t h e  same type o f  l oad ing  bo th  be fo re  and a f t e r  t h e  f i x .  I f  f a i l u r e  had 
occur red  due t o  a  s i n g l e  c y c l e  over load, where t h e  component was s t ressed  
beyond t h e  y i e l d  o r  u l t i m a t e  s t r e n g t h  o f  t h e  m a t e r i a l ,  a f i x  would be r e q u i r e d  
t h a t  would inc rease  t h e  l oad  c a r r y i n g  c a p a b i l i t y  o f  t h e  sha f t .  Th is  dou ld  
r e s u l t  i n  h igher  loads  be ing  t r a n s f e r r e d  throughout  t h e  power t ra in ,  p o s s i b l y  
t r a n s f e r r i n g  t he  f a i l u r e  t c  t h e  nex t  weakest component. This i s  n o t  expected 
i n  t h i s  s i t u a t i o n  and i s  v e r i f i e d  by FOE r e s u l t s ,  wherein t e s t i n g  con t inued  
a f t e r  r e p l a c i n g  t h e  f a i l e d  sha f t s ,  w i t h  no o t h e r  f a t i g u e  t ype  f a i l u r e  
r epo r t ed  throughout  t h e  powertra!  a. 

It i s  i n t e r e s t i n g  t o  no te  t h a t  no f a i l u r e s  occurred d u r i n g  t h e  IPT  
conducted a t  APG. Test personnel r epo r t ed  t h a t  t h e  veh i c l es  were brought  t o  
a complete s top  when s h i f t i n g  from reverse  t o  forward. Even so, m inu te  
c rack i ng  was found i n  t h e  s p l i n e d  area o f  t h e  s h a f t ,  i n d i c a t i n g  t h e  e f f e c t s  
o f  f a t f g u e  were developing. 

The modi f i c a t i o n s  t o  t h e  s h a f t  and v e h i c l e  which were proposed by t h e  
c o n t r a c t o r  a re  i n  t h e  r i g h t  d i r e c t i o n  and t h e  data i n d i c a t e  a  s i g n i f i c a n t  
inc rease  ;n t h e  f a t i g u e  l i f e  o f  t he  s h a f t s  should be obtained. The impact 
o f  these modi f i c d t i o n s  i s  out1 i ned  belcw. 

n Shaf t  Redesign 

The n e t  improvement o i  t h e  severa l  s h a f t  changes can be determined 
us i ng  C la rk  S-N curves (F i gu re  2 )  ob ta ined  from t e s t i n g  t h e  o r i g i n a l  and new 
s h a f t  con f i qu ra t i ons .  The FOE t e s t i n g  i s  es t imated  t o  have produced, a t  most, 
15,000 cyc les  o f  s t r e s s  r eve r sa l  , be fo re  s h a f t  f a i  1  u re  (about 30 percen t  o f  
t h e  1  i f e  requ i red) .  Whi le peak torques experief iced d u r i n g  FOE would vary  
w i t h  engine speed a t  gear change, f a i l u r e  a t  about 15,000 cyc l es  would i n d i -  
c a t e  a  repeated to rque  o f  about 6000 l b s - f t .  I n  f a c t ,  an ins t rumented  d r i v e  
s h a f t  i n  PACCAR t e s t i n g  experienced 5400 l b s - f t  to rque  when s h i f t e d  on t h e  
move from reverse  t o  forward a t  1400 rpm engine speed. A s i m i l a r  s h i f t  a t  
2000 rpm produces about 7000 l b s - f t  i n  t h e  sha f t .  Regardless o f  whether t h e  
peak torques a re  6000 1  b s - f t ,  as i n d i c a t e d  from FOE o r  7000 l b s - f t ,  t h e  maxi-  
mum from inst rumented t e s t i n g ,  t he  redes igned s h a f t  would be exoected t o  have 
a  f a t i g u e  l i f e  t h a t  i s  5 t o  10 times g r e a t e r  than t h e  o r ' g i na l  s h a f t  l i f e .  

r Geared Steer L'nk Change 

This  s imple change prevents  geared s t e e r  i n  reverse,  r e q u i r i n g  t h e  
v e h i c l e  t o  remain i n  t h e  c l u t c h  brake mode when back ing up, which would 
normal l y  be used i n  dozing. The e f f e c t  i s  t o  reduce t h e  maximum reverse  speed 
and consequent ly t h e  t o rque  sp i ke  induced w i t h  an on-the-move s h i f t  from 
reverse  t o  forward gear. The inst rumented s h a f t  t e s t s  i n d i c a t e  t h a t  t he  
7000 1  b s - f t  p r e v i o u s l y  measured are reduced t o  about 5000 1  b s - f t  when oper-  
a t i n g  i n  t h e  c l u t c h  b rake  mode. A t  t h i s  to rque ,  t h e  S-N curves i q d i c a t e  t h e  
new s h a f t  would have n e a r l y  i O O  t imes t h e  1  i f e  requ i red .  





Ca lcu l a t i ons  i n d i c a t e  t h a t  a t  an engine speed o f  2000 r,m t h e  speed i n  
reverse  w i  11 be reduced from 4.6 t o  3.1 mph. Th is  may prodhce a  s l i g h t  
aaverse e f f e c t  on t h e  p r o d u c t i v i t y  o f  t h e  M9. The maximum impacz o f  t h i s  
change w i l l  be n o t i c e d  i n  h'gh s t r ess  doz ing  opera t ions .  F'gure 3, Droduc- 
t i o n  Time L ine,  i l l u s t r a t e s  t h e  minimum t ime  requ i r ed  t o  doze a  s l o t  t r e n c h  
90 f e e t  i n  length.  Acce le ra t i on  t ime f rom 0  mph t o  t h e  maximum reverse  . 
speed was c a l c u l a t e d  us i ng  t r a c t i v e  e f f o r t  da ta  and a  s o i l  s t r e n g t h  o f  120 
RCI, doz ing speed was assumed t o  be 2.0 mph, and s h i f t  t imes  were assumed t o  
be 0.5 seconds. These assumpti ons were subs tan t i a t ed  by t y91  c a l  b u l l  dozer  
p ~ r ~ o r n r a n c e  and - o n t r a c t o r  t e s t i n g .  A comparison o f  c y c l e  t ime  was made 
u:$-tio t h e  geared s t e e r  mode, t h e  p r e f e r r e d  s t e e r  mode i n  rev€-;e, and t h e  
c'l i,tc:i brake mode, t h e  proposed s t e e r  mode t o  be used 'in rev ? -se. An i n -  
creased c y c l e  t ime  was es t imated  o f  no t  more than 10 pcrcen;. p roduc ing  an 
eq ! i l va ien t  decrease i n  p r o d u c t i v i t y .  A t  t h e  maximum engine s;eed o f  2800 RPM, 
m'!., imum reverse  speeds a re  reduced from 6.3 t o  4.3 mph. Tht s a l s o  produces a  
decrease i n  p r o d u c t i v i t y  o f  n o t  more than 10 percent.  This i s  a wors t  case 
estimaJe, which would o n l y  be expected d u r i n g  h i g h  s t r e s s  opera t ions .  No 
p r o d u c t i v i t y  1  oss i s  a n t i c i p a t e d  du r i ng  normal o p e r a t i  cns. 

Because p r o d u c t i v i t y  i s  a f f e c t e d  by many v a r i a b l e s  ; opera to r  exper ience,  
v i s i b i l i t y ,  t ype  o f  dozing, s o i l  cond i t i on ,  e t c ;  t e s t i n g  f o r  losses  o f  t h i s  
magnitude would be d i f f i c u l t  i f  n o t  impossi  b le .  Operator exper ience and s o i l  
c o n d i t i o n s  each can account f o r  up t o  40 percen t  o f  t h e  p roduc t i on  o f  a  
t r acked  t y?e  dozer. It i s  t h e r e f o r e  concluded t h a t  t h e  r i s k  o f  s i g n i f i c a n t  
p roduc t ! v i t y  l o s s  i s  negl  i g i  b le .  

0 Gear S h i f t  Guide M o d i f i c a t i o n  

This  change i s  in tended  t o  i n c rease  t h e  t ime  r e q u i r e d  t o  s h i f t  
between forward and reverse  aedr p o s i t i o n s ,  and t o  i n c rease  awareness t h a t  a  
d i r e c t i o n  change i s  i w o l v e d .  However measured s h i f t  t imes and sha f t  torques 
w i t h  t h e  o r t y n a l  and m o d l f f e d  s h i f t  gu ides showed very  smai i  d i f f e rences .  
The e f f e c t  o f  t h i s  change i s  t h e r e f o r e  judged t o  be minimal and p robab ly  
unnecessary i n  v i e %  o f  t h e  e f f ec t i veness  o f  t h e  o t h e r  changes. 

The conc lus ion  AMSAA drew from rev i ew ing  t he  a v a i l a b l e  da ta  i s  t h a t  t h e  
r i s k  o f  a  modif 'ed M9 n o t  meet ing a  600 d u r a b i l i t y  goal under c o n d i t f  ons 
exper ienced i n  FOE t e s t i n g  i s  v i r t u a l  l y  negl  i g i  b le .  The f i x  s i g n i f i c a n t l y  
Increases t h e  f a t i g u e  l i f e  o f  t h e  s h a f t  and should n o t  t r a n s f e r  t h e  f a i l u r e  
t o  another  component i n  t h e  d r i v e t r a i n .  However, as w i t h  any change t o  a  
c r i t i c a l  component, some type o f  v a l i d a t i o n  o f  t h e  f i x  i s  requi red.  This dan 
be accomplished by e i t h e r  r e t r o f i t t i n g  an o l d  v e h i c l e  p r i o r  t o  p roduc t i on  o r  
i n  IPT, b u t  v a l i d a t i o n  shou ld  n o t  be r e q u i r e d  f o r  a  p roduc t i on  dec is ion .  

Even w i t h  these m o d i f i c a t i o n s  t h e  new s h a f t s  a re  n o t  abuse p roo f .  Pre- 
mature f a i l u r e  cou ld  s t i l l  occur  i f  t he  ope ra to r  f r e q u e n t l y  s h i f t e d  f rom 
reve rse  t o  forward a t  maximum eng!ne speed (2800 rpm). Normal ope ra t i ng  
procedure should con t i nue  t o  r e q u i r e  a  s t o p  be fo re  s h i f t i n g  from reverse  t o  
forward. 





6. VERIFICATION TESTING 

6.1 Test Ou t l i ne .  

I n  September 1985, d u r i n g  t h e  DA Program Review presented t o  t h e  
ASARC f o r  t h e  M9 ACE, a  dec i s f  on was made t o  conduct a  v e r i f i c a t i o n  t e s t  
accord ing  t o  AMSAA1s recommendations. AMSAA was tasked w i t h  p repa r i ng  t h e  
Test Design Plan (TDP). (Appendix D) 

The purpose o f  t h e  t e s t  was t o  demonstrate t h e  adequacy o f  t h e  
recomme~lded f i x ,  s p e c i f i c a l l y  v e r i f y i n g  t h e  inc reased  f a t i g u e  l i f e  o f  t he  
s h a f t  as p r o j e c t e d  by t h e  con t r ac to r .  The t e s t  was dosigned t o  s imu la te ,  
under c o n t r o l  l e d  cendi  t i o n s ,  t h e  s i c g a t i o n  which caused t h e  f a t i g u e  f a i  1  u res  
d u r i n g  FOE, namely, t o  d u p l i c a t s  t h e  e f f e c t  on t h e  M9 when d i g g i n g  f i g h t i n g  
p o s i t i m  competing w : t h  t h e  D7 ~ u l l d o z e r .  This was accomplished by c y c l i n g  
t h e  v e h i c l e  f ~ o a  a  reverse  t o  forward mot ion  w i t h o u t  reduc ing  engine speed, 
as was done du r i ng  FOE. Dozing was n o t  i n c l u d e d  due t o  t h e  r e l a ? . i v e l y  low 
t o r s i o n a l  sp ikes which a r e  generated i n  t h e  s h a f t  as compared t o  s h i f t i n g  on 
t h e  move. 

The o r i g i n a l  t e s t  p l a n  car l e d  f o r  f o u r  d r i v e  s h a f t s  t o  be t e s t e d  
us ing  two veh ic ies ,  two sha f ts  o f  t h e  o l d  (FOE) design, and two s h a f t s  o f  t h e  
new des ign  w i t h  t h e  m o d i f i c a t i o n s  app l i ed  t o  b o t h  t h e  s h a f t s  and t h e  veh ic les .  
Dur ing t e s t i n g  a  f i f t h ,  in termediat :  des ign s h a f t  was tested.  Th is  sha f t  had 
severa l  b u t  no t  a1 1  o f  t h e  modi fi ca t i ons  t h e  contrac:or proposed. 

Dur ing a l l  testin;, t h e  veh i c l es  ma in ta ined  a  cons tan t  engine speed 
o f  2000 rpm before s h i f t i n g  from reverse  two t o  forward two. S h i f t i n g  was 
conducted as r a p i d l y  as p o s s i b l e  w i t h  no r e d u c t i o ~  i n  engine speed. The TOP 
c a l l e d  f o r  t h e  v e h i c l e  t o  come t o  a  complete s top  b s f o r e  s h i f t i n g  f rom forward 
t o  reverse; however, d u r i n g  t e s t i n g  s f  the f i r s t  o r i g f n a l  s h a f t  t h i s  Has 
changed t o  i n co rpo ra te  a  s h i f t  on t h e  move (2000 rpm) maneuver when changing 
bo th  forward and reverse  d i r e c t i o n s .  A survey o f  t h e  d ~ i v e r s  p r i o r  t o  v e r i -  
f i c a t i o n  t e s t i n g  i n d i c a t e d  t h a t  t h e  veh i c l es  were brought  t o  a  complete s t o p  
when s h i f t i n g  from fo rward  t o  reverse. Th is  was l a t e r  det .m ined  t o  be no t  
what a c t u a l l y  occur red  d u r i n g  FOE. 

The unmodi f ied v e h i c l e  c o n t a i n i n g  t h e  o r i g i n a l  s h a f t s  was s h i f t e d  
from reverse  two t o  fo rward  two i n  t h e  geared s t e e r  node. A f t e r  s b i f t i n g  
f rom reverse  t o  forward, and on t h e  forward move, t h e  vehicle was s h i f t e d  t o  
c l u t c h  brake s t e e r  mode, t h e  p re fe r r ed  doz i ng  mode. Cyc l i ng  con t inued  u n t i l  
s h a f t  f a i l u r e ,  w i t h  t h e  d r i v e r s  r o t a t e d  as necessary. Upon t h e  f i r s t  f a i l u r e ,  
t h e  ;n termediate des ign s h a f t  was m i s t aken l y  i n s t a l l e d  i n  t h e  v e h i c l e  i w t e a d  
o f  t he  second o r i g i n a l  shaf t .  Th is  s h a f t  was t e s t e d  i n  an i d e n t i c a l  manner 
and e v e n t u a l l y  rep laced  w i t h  t h e  second o r i g i n a l  des ign s h a f t  which was t e s t e d  
u n t i  1 f a i  1 ure. 

The v e h i c l e  w i t h  t h e  m o d i f i c a t i o n s  and m o d i f i e d  s h a f t ,  was t e s t e d  
s i m i l a r l y  t o  t h e  unmodi f ied v e h i c l e ,  s h i f t i n g  on t h e  move. The m o d i f i e d  
geared s t e e r  l i n k  i n su red  ope ra t i on  i n  t h e  c l u t c h  brake s t e e r  mode i n  bo th  
t h e  forward and reverse  d i r e c t i o n s  when s h i f t i n g .  Tes t i ng  of t h i s  s h a f t  con- 
t i n u e d  f o r  a  minimum o f  f i v e  t imes  t h e  number o f  c yc l es  r e q u i r e d  t o  produce 
f a i l u r e  i n  t h e  o r i g i n a l  sha f t .  The second mod i f i ed  s h a f t  was then  t e s t e d  i n  
an i d e n t i c a l  manner. 



Data r e ~ o r d e d  d u r i n g  t e s t i n g  i n c l  uded d r i v e  s h a f t  torque,  s h i f t  
p o s i t f o n ,  engine speed and a count  o f  t h e  cyc l es  accomplished. A cont inuous 
r eco rd  was mai n t a f  ned on m:gnet i  c  tape w i t h  p e r i o d i c  mon i t o r i ng  accompl i shed 
t i5 ing an o s c i l l o g r a p h  p r i n t o u t  o f  a1 1 t h e  measured values. 

5.2 Test Resul ts .  

V e r i f i c a t i o n  t e s t i n g  o f  t h e  M9 ACE t ransmiss ion  o u t p d t  sha f t  was 
completed i n  November 1985. Csmpl e t e  t e s t i n g  procedures and r esu l  t s  a r e  
documented i n  t h e  PACCAR Report  M9 Armored Canbat Earthmover D r i v e  Sha f t  
Report  dated January 1986. Test r e s u l t s  a r e  summarized i n  Table 2. 

Tes t i ng  on t h e  f i r s t  s h a f t s ,  bo th  o r i g i n a l  and mod i f i ed ,  i n c l uded  
6489 cyc l es  o f  one way l oad ing  as c a l l e d  f o r  i n  t h e  o r i g i n a l  Test Design Plan. 
Dur ing t h i s  per iod ,  t h e  v e h i c l e  was brought  t o  a complete s top  when s h i f t i n g  
from fo rward  2 t o  reverse  2 and s h i f t e d  from reverse  2 t o  fo rward  2 a t  an 
engine speed of 2000 rpm. This produced average one way t o r s i o n a l  l oad ings  
o r  sp ikes  o f  approx imate ly  6800 1 b s - f t  f o r  t h e  o r f  g i n a l  sha f t  and approx i  - 
mate ly  5000 1 b s - f t  f o r  t h e  mod'f ied s h a f t  w i t h  no l o a d  reversa ls .  The 
remainder o f  t h e  cyc les ,  snown i n  Table 2, were completed under reversed  
l o a d i n g  w i t h  t h e  v e h i c l e  be ing  s h i f t e d  a t  an engine speed of 2000 rpm i n  bo th  
the  fo rward  and reverse  d i r e c t i o n s .  For t h e  o r i g i n a l  sha f t s ,  t h e  v e h i c l e  was 
operated i n  t h e  geared s t e e r  mode when i n  r eve r se  and c l u t c h  brake when 
moving forward. This produced average loads  o f  approx imate ly  6500-6700 I b s - f t  
when s h i f t i n g  from reverse  t o  fo rward  and -5000 l b s - f t  when s h i f t i n g  from 
forward t o  reverse. I n  a d d i t i o n ,  s h i f t i n g  f rom q?ared s t e e r  t o  c l u t c h  b rake  
a f t e r  s h i f t i n g  f rom reverse  t o  forward,  produced a secondary to rque  sp i ke  o f  
approx imat& ly  -5000 1 b s - f t .  Under t h i s  t y p e  o f  reversed load ing ,  t h e  o r i g i  na1 
s h a f t s  1 and 2 w i t hs tood  2019 and 2136 cyc l es ,  r e s p e c t i v e l y ,  b e f o r e  f a i l i n g .  

The modi f i e d  des ign i nsu red  o p e r a t i o n  i n  t h e  c l u t c h  brake mode, 
wher! ope ra t i ng  i n  bo th  fo rward  and reverse. Tnis ef fec t ive ly  reduced t h e  
l oad i ng  t o  approx imate ly  5000 l b s - f t  when s h i f t i n g  from reverse t o  forward and 
-4400 I b s - f t  when s h i f t i n g  f rom forward t o  reverse.  Also, s i n c e  t h e  v e h i c l e  
was con t i nuous l y  operated i n  t h e  c l u t c h  b rake  mode, t h e  secondary to rque  sp i ke  
was e l  iminated.  Tos t ing  on t h e  mod i f i ed  s h a f t s  was ha1 t e d  be fo re  f a i l u r e  
because t h e  t e s t  c r i t e r i o n  t o  demonstrate f i v e  t imes t h e  l i f e  of  t h e  o r i g i n a l  
s h a f t s  was exceeded. The modi f i e d  s h i f t s  1 and 2 were sub jec ted  t o  36051 
and 11000 cyc l es  r e s p e c t i v e l y  o f  reversed  t o r s i o n a l  1  oading. 

A lso t e s t e d  d u r i n g  t h e  v e r i  f i c a t i o n  t e s t  was an i n t e m e d i a t e  shaf t .  
This s h a f t  was m i s t aken l y  p laced  i n  t h e  unmod i f i  ed v e h i c l e  upon f a i l u r e  of 
t h e  f i r s t  o r1  g i n a l  s h a f t .  Phis s h a f t  was t e s t e d  w i t h  an average reversed 
l oad ing  o f  approx imate ly  7300 1 b s - f t  t o  -4800 1 b s - f t  f o r  11388 cyc les.  It 
was removed from t h e  v e h j c l e  p r i o r  t o  f a i l u r e .  

The t o t a l  number o f  c yc l es  accumulated on b o t h  veh i c l es  were 33,032 
and 42,450, r e s p e c t i v e l y .  Both o r i g i n a l  s h a f t s ,  t h e  i n t e m e d i a t e  sha f t ,  and 
t h e  second m o d i f i e d  s h ? f t  were t e s t e d  u s i n s  t h e  f i r s t  veh ic le .  To reduce 
down t ime ,  t h e  e n t i r e  t r ansm iss i on  w i t h  t h e  s h a f t  i n s t a l l e d  was rep laced  w i t h  
t h e  second o r i g i n a l  sha f t .  t h l s  t r ansm iss i on  was used u n t i l  f a i l u r e  of t h e  
s h a f t  (2136 c y c l e s )  wh'l e  t h e  o r i g i n a l  t r ansm iss i on  was operated throughout  
30896 cyc les.  The f i r s t  m o d i f i e d  s h a f t  was t h e  o n l y  s h a f t  t e s t e d  i n  t h e  
second vehi  CI e. 





No m a j ~ r  d r i v e  t r a i n  f a i l u r e s  were r epo r t ed  du r i ng  t e s t i n g  even though 
t h e  v e h i c l e s  had been exposed t o  p r i o r  t e s t f n g .  Minor problems which occur red  
inc l l ;ded replacement of  t he  s h i f t e r  bea r i ng  and t h e  gear s h i f t  l e ve r .  The gear 
s h i f t  l e v e r  experienced s i g n i f i c a n t  wear due t o  t h e  p r o t r u d i n g  ear  on t he  
mod i f i ed  gear s h i f t  gusde. A f t e r  completf  on o f  t h e  t e s t ,  a  t e a r  down of t h e  
t ransmiss ion ,  s t e e r  u n i t ,  and f i n a l  d r j v e  assembly was conducted on b o t h  
veh ic les .  A thorough i n s p e c ~ i o n  revea led  c r a c k i n g  o f  t h e  r e a c t i o n  member of 
t h e  to rque  conve r t e r  and gal  1  i ng ,  o r  wearing, o f  va r i ous  components w i t h i n  t h e  
f i n a l  d r i  ve zssembl y. 

6.3 F a i l u r e  Analys is .  

Upon comple t ion  o f  t h e  v e r i f i c a t i o n  t e s t ,  t h r e e  d r i v e  sha f t s  were 
submi t ted  t o  t h e  Ma te r i a l b  Zranch, CSTA f o r  a  f a i l u r e  ana lys is .  These i n -  
c luded t h e  two f a i l e d  o r i g i n a l  s h a f t s  a long  w i t h  t h e  i n t e rmed ia te  sha f t .  The 
ana l ys i s  was conducted t o  determine i f  t h e  f a i l u r e  mode was s i m i l a r  t o  t h a t  
which occur red  d u r i n g  FOE and t o  determine how t h e  i n t e rmed ia te  sha f t  d i f f e r e d  
from t h e  two o r i g i n a l  sha f ts .  This a n a l y s i s  was s i m i l a r  t o  t h e  one conducted 
on t h e  FOE sha f ts .  

The a n a l y s i s  concluded t h a t  t h e  f r a c t u r e  f ea tu res  were nea;*ly i d e n t -  
i c a l  t o  those o f  t h e  s h a f t s  t h a t  f a i l f d  d u r i n g  FOE. Crack ing i n i t i a t e d  nea? 
t h e  f i l l e t  o f  each s p l i n e  t o o t h  and propagated l o n g i t u d i n a l l y  and r a d i a l l y ,  
i d e n t i c a l  t o  t h e  FOE f a i l u r e s .  The m a t e r i a l  p r o p e r t i e s  o f  t h e  f a i l e d  sha f ts  
i n d i c a t e d  t h a t  they were f d e n t t c a l  t o  t h e  o r i g i n a l  FOE sha f ts .  ( A I S I  8822) 

A chemical ana l ys i s  o f  t h e  i n t e r m e d i a t e  s h a f t  revealed t h a t  !t was 
cons t r uc ted  o f  a  d i  f f e r e n t  a1 l o y  ( A I S I  8640). This i s  t h e  m a t e r i a l  which was 
proposed f o r  t h e  new mod i f i ed  sha f ts .  This e f f e c t i v e l y  'ncreased t h e  case 
depth and t h e  co re  hardness o f  t h e  sha f t .  A1 though t h e  s h a f t  had been repo r t ed  
t o  have been s h o t  peened, i t  was n o t  p o s s i b l e  t o  a s c e r t a i n  i f  t h i s  process had 
a c t u a l l y  been performed. There was no s i g n i f i c a n t  change i n  t h e  rooc r ad i us  
o f  t h e  sp l  i n e d  r e g i o n  when compared t o  t h e  o r i g i n a l  sha f ts .  

The i n t e rmed ia te  s h a f t  d i d  d i s p l a y  a s f  gn i  f i c a n t  improvement i n  t h e  
f a t i g u e  l i f e  i n  comparison t o  t h e  o l d  design. No i n d i c a t i o n s  o f  crack 'ng o r  
any su r f ace  de fec t s  were seen from a  magnet ic p a r t i c l e  i n s p e c t i o n  o f  t h e  sha f t .  

6.4 Discussion. 

The f a i l u r e s  achieved d u r i n g  v e r i  f i c a t f o n  t e s t i n g  d u p l i c a t e d  t h e  
f a i l u r e s  i n  FOE. All f a i l u r e s  were determined t o  be caused by reversed t o r -  
s i ona l  f a t i g u e ,  w i t h  t h e  f r a c t u r e s  o c c u r r i n g  i n  t h e  same l o c a t i o n  on each 
s h a f t ,  a t  s p l i n e  runout.  This i n d i c a t e s  t h a t  t h e  same type  o f  l o a d i n g  was 
exper ienced i n  bo th  t h e  v e r i f i c a t i o n  t e s t  and FOE. 

Al though t h e  l oad ings  were o f  t h e  same t y p e  d u r i n g  bo th  t e s t s ,  t hey  
were more severe d u r i n g  t h e  v e r i f i c a t i o n  t e s t  because they  were c o n s i s t e n t l y  
repeated a t  t h e  maxiaum l e v e l .  F a i l u r e  occur red  w i t h i n  2100 cyc l es  d u r i n g  
v e r i  f i  c a t i  on t e s t i n g  whi 1  e  an es t imated  15,000 c y c l  es were necessary t o  pro-  
duce f a i l u r e  d u r i n g  FOE. This was p robab ly  due t o  t h e  c o n t r o l l e d  n(- ture o f  
t h e  v e r i f f c a t i o n  t e s t .  Each s h i f t  was conducted a t  a  cons tan t  engine speed, 
produc ing t h e  c o n s i s t a n t  l oad ing  necessary t o  compare t h e  new s h a f t s  t o  t h e  
o l d  sha f t s .  The FOE was no t  c o n t r o l  l e d  i n  t h i s  fash ion ,  s h i f t i n g  was conducted 
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a t  random engine speeds, p roduc ing  var ious loadings.  Al though n o t  a l l  o f  t h e  
t o r s i o n a l  sp ikes d u r i n g  FOE were o f  t h e  magnitude o f  v e r i f i c a t j o n  t e s t i n g ,  i t  
i s  obvious th?: enough were experf  enced t o  cause f a i l u r e .  

Tes t ing  a t  these c o n s i s t e n t l y  h i ghe r  loads du r i ng  t h e  v e r i f i c a t i o n  
t e s t  i s  thought  t o  have produced somewhat conse rva t i ve  t e s t  r e s u i t s .  I n  
examining t he  S-N curve, i t  can be seen t h a t  t h e  d i f f e r e n c e  i n  f a t i g u e  l i f e  
between t h e  o l d  and new sha f t  grows sma l l e r  as t he  l oad ing  i s  increased. I f  
t e s t i n g  a t  h i gh  loads demonstrates an inc rease  i n  fa t 'gue l i f e ,  as was demon- 
s t r a t e d  du r i ng  v e r i f i c a t i o n  t e s t i n g ,  an inc rease  o f  a t  l e a s t  t h i s  much i f  no t  
more, would be seen a t  lower  loadings.  Regardless o f  t h e  magnitude o f  t he  
load, t h e  new s h a f t  d i sp l ayed  a  r e l a t i v e  inc rease  i n  f a t i g u e  l i f e  o f  over  f i v e  
t imes o f  t h e  o l d  s h a f t ,  w i t h o u t  f a i l u r e .  

Dur ing t e s t i n g  o f  t h e  f i r s t  o r i g i n a l  s h a f t ,  t h e  t e s t  procedure was 
changed t o  i n c o r p o r a t e  a  s h i f t  on t h e  move maneuver i n  bo th  t h e  forward and 
reverse  d i r e c t i o n s .  Two f a c t o r s  l e d  t o  t h i s  change i n  procedure; a )  i t  was 
determfned t h a t  t h e  o r i g i n a l  t e s t  p l an  d i d  n o t  accu ra te l y  d u p l i c a t e  t h e  cond i -  
t i o n s  experienced i n  FOE, and b )  t h e  t e s t  t ime  cou ld  be reduced d r a s t i c a l l y  by 
s h i f t i n g  on t h e  move i n  bo th  d i r e c t i o n s .  

A survey o f  t h e  opera to rs  taken be fo re  t h e  TDP was developed i n d i -  
cated t h a t  they  had brought  t h e  M 9  t o  a  complete s top  when s h i f t i n g  f r a n  
fo rward  t o  reverse. Even on qu i ck  s h i f t s ,  i t  was f e l t  t h a t  doz ing r e s i s t a n c e  
would slow t h e  v e h i c l e  t 3  a  s t o p  be fo re  s h i f t i n g  cou ld  be completed. E a r l y  
i n  t h e  v e r i f i c a t f o n  t e s t ,  i t  was determined t h a t  t h i s  was n o t  what a c t u a l l y  
occurred d u r i n g  FOE. I n  f u r t h e r  d i s cuss i on  w i t h  t h e  opera to rs ,  a t  l eas tone  
r epo r t ed  t h a t  a  s h i f t  on t h e  move t y p e  maneuver was used when s h i f t i n g  from 
forward t o  reverse  t o  d i s l odge  d i r t  f rom t h e  b lade  o f  t h e  M9. A rev iew o f  
t h e  M a t e r i a l s  Branch F a i l u r e  Ana lys is  o f  t h e  FOE sha f t s  shored c r a c k i n g  
i n i t i a t e d  on b o t h  s ides  o f  t h e  s p l i n e  r o o t  f i l l e t s ,  fnd . i ca t ing  t h a t  a s i g n i -  
f i c a n t  amount o f  t o rque  was appl l e d  i n  bo th  d i r e c t i o n s .  Therefore,  i t  was 
concluded t h a t  s h i f t i n g  on t h e  move i n  bo th  forwa:d and r eve r se  would more 
c l o s e l y  s imu la te  t h e  e f fec ts  o f  FOE t e s t i n g .  

The e f f e c t  o f  s h i f t i n g  00 t h e  move i n  bo th  forward and reverse  p ro -  
duced a  n e a r l y  f u l l y  reversed t ype  o f  load: ng. Thjs type o f  l oad ing  was 
expected t o  d r a s t i c a l l y  reduce t h e  t e s t  t ime  requ i r ed  t o  f a i l  t h e  o r i g i n a l  
sha f ts .  Accura te ly  p r e d i c t i n g  t h e  f a t i g u e  1  i f e  t o  determine ac tua l  l y  how much 
t e s t  t ime  cou ld  be saved, proved t o  be a  d i f f i c u l t  task. Var fab les which can 
l e a d  t o  an i naccu ra te  p r e d i c t i o n  i n c l u d e :  a) t h e  i r r e g u l a r  s t r e s s  d i s t r i b u t f o n  
generated due t o  s t r e s s  concen t ra t i ons  a t  t h e  s p l i n e  f i l l e t s :  b)  a  i a r g e  
s c a t t e r  i n  f a t i gue  da ta ;  and c )  a  complex l oad ing  c y c l e  which resembles a  f u l l y  
reversed t ype  o f  c y c l e  b u t  approaches a  random t ype  o f  1  oadi ng. A1 though accu- 
r a t e l y  p r e d i c t i n g  t h e  f a t i g u e  1  i f e  expected d u r i n g  t h c  t e s t  would be d i f f i c u l t  
if n o t  imposs ib le ,  an e s t i m a t i o n  of s h a f t  l i f e  was c a l c u l a t e d  us i ng  severa l  
assumptions. This produced a  r e l a t i v e  bas is  between t h e  o l d  and new t e s t  
procedure t o  be used as a  comparison. 

The assumptions used t o  c a l c u l a t e  t h e  f a t i g u e  l i f e  i n c l uded :  

a. The sha f t  was t r e a t e d  as a  s o l i d  round s h a f t  when c a l c u l a t ' n g  
t h e  t o r s i o n a l  s t resses.  The s t r e s s  concen t ra t i on  due t o  t h e  s p l i n e s  were 
neglected. 



b. Tho load'ngs were a p p l i e d  i n  a  s 'nusoida l  cyc le .  F i gu re  4 
i l l u s t r a t e s  t h e  d i f f e r e n c e  between d s ~ n u s o i d a l  c y c l e  and t h e  cyc l es  which 
were a c t u a l l y  produced d u r i n g  t e s t i n g  bo th  be fo re  and a f t e r  t h e  t e s t  p l an  was 
changed. It i s  apparent ;hat t h e  ac tua l  t e s t  da ta  approach a  random t ype  
cyc l e .  

The s c a t t e r  i n  t h e  f a t i p u e  da ta  (S-N cu r ve )  i s  i nhe ren t  ;n any t ype  
o f  f a t i g u e  t e s t i n g .  Al though t h i s  can be min jm ized  by c l o s e l y  c o n t r o l l e d  
t e s t i n g ,  i t  cannot be e l 'miqated due t o  t ? e  s t a t i s t i c a l  na tu re  o f  t h e  mate r ia ; .  

The f a t i g u e  l i f e  o f  a  component exposed t o  non-reversed l o a d i n g  can 
be est j lnated us i r lg  t h e  S-N curve  and a  Goodman Diagram. The Goodman Diagram 

. (F i gu re  5 )  i l l u s t r a t e s  t h e  e f f e c t  o f  t h e  mean s t r e s s  on t h e  a l t e r n a t i n g  s t r e s s  
l e v e l s  and t h e  s t r e s s  range. It can a l s o  be usea t o  p r e d i c t  an equ i va l en t  
f u l  l y  reverzed  l o a d i n g  which produces t h e  same e f f e c t s  as a  non-revetbscd 
loading.  The es t imated  f a t i g u e  1  i f e  can be read d i  r e c t l y  f rom t h e  S-N curve  
us i ng  t h i s  e q u i v a l e n t  f u l  l y  reversed  1  uadi  ng. 

Knowing t h e  s t resses  generated and t h e  m a t e r i a l  p r o p e r t i e s  o f  t h e  
component, a  Goodman Diagram can be const ructed.  The s t r ess  range i s  p l o t t e d  
on t h e  o r d i n a t e  and t h e  mean s t r e s s  i s  p l o t t e d  on t h e  abscissa. A 1  ine  drawn 
a t  45  degrees passes through t h e  zero p o i n t  o f  t h e  diagram and ou t  t o  t h e  
u l t i m a t e  s t r e n g t h  o f  t h e  m a t e r i a l .  The maximum and minimum s t r e s s  f d r  each 
c y c l e  i s  then  p l o t t e d  a t  t h e  corresponding mean s t ress .  Because o f  t h e  r e l a -  
t i o n s h i p  between t h e  s t r e s s  range and t h e  a1 t e r n a t i n g  s t r ess ,  these p o i n t s  
w i l l  f a l l  a t  an equal d i s t a n c e  above and below t h e  mean s t r e s s  l i n e  drawn a t  
45 degrees. L ines then p r o j e c t e d  from t h e  u l t i m a t e  s t r eng th ,  through these 
p o i n t s  and back t o  t h e  o r d i n a t e  w i l l  reveal  t h e  equ i va l en t ,  f u l l y  reversed 
range o f  s t r ess ;  Since t h e  S-N curve  i s  p l o t t e d  as a  funct icrn o f  l oad  'nstead 
o f  s t r ess ,  t h e  corresponding l oad  which produces t h i s  s t r e s s  must be ca lcu -  
l a t ed .  The f a t i g u e  l i f e  can then  be read d i r e c t i y  from t he  S-N curve. 

The same r e s u l t s  can be ob ta ined  by s o l v i n g  f o r  6, i n  t h o  equa t ion  
which descr ibes  t h e  Goodman Diagram.. 

where: a  = a1 t e r n a t i n g  s t resses  

6, = f a t i g u e  1  i m i  t f o r  cornpl e t e l  y  reversed 1  oadi ng 
am = mean s t r e s s  
au  = u l t i m s t e  shear s t r e s s  ( t o r s i o n a l  l oad ing )  

Both t h i s  equa t ion  and t h e  Diagram can be so lved  us i ng  e i t h e r  
s t resses  o r  t h e  corresponding loads. Since t h e  f a t i g u e  da ta  generated by 
C la rk  Equipment i s  i n  terms o f  t h e  app l i ed  l oad ing ,  these a re  more e a s i l y  
handled us i ng  loads i n  l i e u  o f  s t resses.  Using t h i s  methodology an es t ima te  
o f  t h e  number o f  c yc l es  which t h e  s h a f t s  cou ld  w i t hs tand  was c a l c u l a t e d  f o r  
s h i f t i n g  on t h e  move i n  reverse  o n l y  and s h i f t i n g  on t h e  move i n  forward and 
reverse.  

Resu l t s  o f  t h i s  a n a l y s i s  ind 'ca ted  t h a t  i f  t he  t e s t  procedure was 
l e f t  unchanged, t h e  number o f  c yc l es  t h e  o r i g i n a l  s h a f t  cou ld  w i t hs tand  cou ld  
exceed 60,000. I n  comparison, by changlng t h e  t e s t  t o  i n co rpo ra te  a  s h i f t  on 
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t h e  move maneuver i n  bo th  d i  r e c i i o n s ,  t e s t  t ime  cou ld  be reduced t o  approx i  - 
mate ly  3000 cyc les.  I n  view o f  these es t imates  and t h e  conc lus ion  t h a t  on t h e  
move s h i f t s  i n  bo th  d i r e c t i o n s  were indeed made du r i ng  FCC, t h e  t e s t  procedure 
was changed. 

Changing t h e  t e s t  p l a n  a f t e r  t he  s t a r t  o f  t h e  t e s t  r a i s e d  an obvious 
ques t i on  - what e f f e c t  d i d  t h e  6489 cyc l es  which were conducted under t h e  
o r i g i n a l  t e s t  p l an  have on t h e  o v e r a l l  r e s u l t s  o f  t h e  t e s t ?  It was a n a l y t i -  
c a l l y  p red i c t ed  and v e r i f i e d  by t he  t e s t  t h a t  these cyc l es  had very  l i t t l e  
impact on t he  f a t i g u e  l i f e  o f  t he  sha f t s .  

The f i r s t  6489 cyc l es  produced a  d i f f e r e n t  a1 t e r n a t i n g  s t r e s s  and 
s t r e s s  range than t h a t  which was produced a f t e r  t h e  t e s t  w3s changed. When 
more than o re  s t r e s s  l e v e l  i s  present  over  t h e  l i f e  o f  t h e  component, i t  
becomes necessary t o  combine t h e  o v e r a l l  e f f e c t s  o f  t h e  va r ious  s t r esses  t o  
es t imate  t h e  1  i f e .  The t o t a l  1  i f e  can be determined by adding t h e  percentage 
o f  l i v e s  consumed a t  each s t r e s s  l e v e l .  I f  n l  and n 2  represen t  t h e  number o f  
c yc l es ' a  specimen i s  sub jec ted  " t o  a t  d i f f e r e n t  s t r e s s  l e v e l s ,  and N1 and. N2 
a re  t h e  r espec t i ve  f a t i g u e  l i f e  o f  t h e  s p x i m e n  a t  t h i s  corresponding s t r ess ,  
then : 

This equat ion,  known 2s t h e  cumu la t i ve  damage r u l e  o r  M ine r ' s  r u l e ,  
can be used t o  assess t h e  impact o f  va r i ous  load ings  on t h e  o v e r a l l  f a t i g u e  
l i f e  o f  t h e  shaf t .  The ac tua l  t e s t  r e s u l t s  showed t h a t  t h e  l i f e  consumed by 
t h e  o r i g i n a l  6489 cyc l es  was small compared t o  t he  1 i f e  under t h e  f u l  l y  
reversed l oad ing  t e s t .  The f i r s t  o r i g i n a l  s h a f t  which experienced t h e  6489 
cyc les ,  f a i l e d  a t  2019 cyc l es  o f  reversed loading.  The second o r i g i n a l  sha f t  
wh'ch on1 y  exper ienced reversed load'ng f a i  1  ed a t  2136 cyc les.  Using M ine r ' s  
Equat ion t h e  e f f e c t  o f  t h e  o r i g i n a l  l oad ing  was es t imated  t o  be 6489 . 

1 m 5  
This i s  approx imate ly  5.4 percent  o f  t h e  t o t a l  l i f e  o f  t h e  sha f t .  The 6489 
cyc l es  o f  nonreversed l oad ing  were cons idered t o  have very  1  i t t l e  impact on I 

t h e  o v e r a l l  t e s t ,  t h e r e f o r e  2136 cyc les  o f  reversed load f  ng was used as a  
base1 i n e  f o r  t h e  mod; f i e d  sha f t s .  However, t o  re1 i e v e  any concerns, t h e  f i r s t  
modi f i e d  s h a f t  was t e s t e d  f o r  42,540 cyc l es  ( i n c l u d i n g  t h e  6489 non-reversed 
c y c l e s )  which i s  f i v e  t imes t h e  t o t a l  number o f  c yc l es  on t h e  f i r s t  orf g i n a l  
sha f t .  

I 
The r e s u l t s  ob ta ined  from t h e  i n t e rmed ia te  s h a f t  p rov i de  a  g rea t  

deal o f  : ns i gh t  as t o  t h e  e f f x t i v e n e s s  o f  t h e  f i x .  This sha f t  was t e s t e d  i n  
p l ace  o f  an or 'g 'nal  s h a f t ,  i n  an unmodi f ied veh ic le .  This produced h igher  
load ings  than t h e  mod i f i ed  s h a f t s  would be exposed t o  due t o  t h e  absence o f  
the  mod'f ied geared s t e e r  l i n k .  Also, t h e  i n t e rmed ia te  s h a f t  d i d  no t  have t h e  
inc reased  f i  1  l e t  r ad i us  t o  reduce t h e  s t r e s s  concen t ra t i on  i n  t h e  sp l  i ned  
area. These a re  t h e  two most prominent fea tu res  'n  i n c reas i ng  t h e  f a t i g u e  

I 
l i f e  o f  t he  sha f t .  Pegardless, the  i n t e m e d ! a t e  s h a f t  endured over  f i v e  t imes 
t h e  base l i ne  l i f e  o f  t h e  o r i g ' n a l  s h a f t s  w i t h  no i n d i c a t i o n  o f  c rack i ng  o r  
f a t i gue .  

Since o n l y  one i n t e rmed ia te  sha f t  was t es ted ,  and t h a t  i n a d v e r t e n t l y ,  
i t  should no t  be cons'dered a  replacement f o r  t h e  proposed f i x .  A1 1 of  t he  

i 
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proposed m o d i f i c a t i o n s  a r e  s t i  11 deemed necessary and a re  requf red. The f u l l  y  
mod i f i ed  s h a f t s  a re  expected t o  have a  fa t ' gue  l i f e  much g r e a t e r  than the  
i n t e rmed ia te  s h a f t  a t  no a d d i t i o n a l  cos t .  

The c rack i ng  o f  t h e  r e a c t i o n  member o f  t h e  to rque  conve r t e r  and t h e  
ga l  l i n g  o f  components w i t h i n  t h e  f i n a l  d r ' ve  assembly may be a t t r i b u t e d  t o  t h e  
excess jve  amount o f  conslsten; ly h i g h  t o r s i o n a l  l oads  encountered d u r i n g  t h e  
v e r i f i c a t i o n  t e s t .  However, these pr-obl ems a re  n o t  expected i n  o p e r a t i o n  
w i t h i n  d u r a b i l i t y  goal o f  t h e  v e h i c l e  f o r  t h e  f o l l o w i n g  reasons: 

r It i s  n o t  c l e a r  how much o f  t h i s  was induced f rom t e s t i n g  ; r i o r  
t o  t h e  v e r i f i c a t i o n  t e s t .  

8 Two veh i c l es  were used t o  s i m u l a t e  t h e  l i f e  o f  f i v e  sha f t s .  
These veh i c l es  exper ienced s i g n i  f i c a n t  l y  more h i g h  t o rque  appl  i - 
c a t i o n s  than would be expected du r i ng  t h e  normal 1  i f e  u i  t h e  
veh ic le .  

o The f i x  a c t u a l l y  reduces t h e  magnitude of t h e  t o r s i o n a l  sp ikes.  
Maximum t o r s i o n a l  l oad ings  on t h e  m o d i f i e d  v e h i c l e  w i l l  be l owe r  
t han  those exper ienced d u r i n g  FOE, where no i n d i c a t i o n  o f  t h i s  
problem was seen. 

7. CONCLUSION 

The f o l l o w i n g  conc lus ions  were drawn from t h i s  s tudy :  

a. F a i l u r e  o f  t h e  t r ansm iss i on  ou tpu t  s h a f t  was caused by reversed  
t o r s i o n a l  f a t i g u e  due t o  t h e  ope ra t c r  s h i f t i n g  fra? reverse  t o  forward and 
v i c e  versa be fo re  b r i n g i n g  t h e  v e h i c l e  t o  a  complete stop. 

b. The f i x  reduces t h e  maximum reverse  speed o f  t h e  M9, s l  i g h t l y  
decreasing produci; "ity (1 than 7 L U  n p e c ~ c r i t ) .  -em-  .-.- Th;s w i l l  be most apparent 

i n  h i g h l y  s t r essed  s; t u a t i o n s  w i t h  ve ry  1  i t t l e  o r  no d e t e r i o r a t i o n  i n  produc- 
t i  v i t y  expected under normal ope ra t i ng  cond i t i ons .  I n  comparison t o  o t h e r  
f a c t o r s  which i n f l u e n c e  p r o d u c t i v i t y  , i e ;  ope ra to r  exper'ence, v i s i b i  1' t y  , 
s o i l  cond i t i ons ,  e t c ,  t h i s  degrada t ion  i s  cons idered t o  be i n s i g n i  f i c a n t .  

c. The m o d i f i c a t i o n s  t o  t h e  M9 ACE and t h e  t ransmiss ion  ou tpu t  
h a f t  a re  p r e d i c t e d  t o  i n c rease  t he  f a t i g u e  1  i f e  of t h e  s h a f t  by more than 
00 t imes.  Dur ing v e r i f i c a t i o n  t e s t i n g  t h e  s h a f t s  were t e s t e d  i n  excess o f  
!ve t imes t h e  f a t i g u e  l ' f e  w i t h o u t  f a i l u r e .  D u r a b i l i t y  goals  w i l l  be s a t j s -  

f i e d  by t h i s  inc reased  l i f e .  

d. The proposed qodf f i c a t i o n s  do n o t  t r a n s f e r  f a ' l u r e  t o  any o t h e r  
dr 've t r a i n  components. 

e. The mod! f i e d  des ign ;s n o t  cons?dered abuse proof .  Shf f t i n g  on 
t h e  move a t  maximum engine speed (2800 rpm) may s t i l l  produce premature 
fa: l u r e s .  The v e h i c l e  should con t i nue  t o  be operated accord'ng t o  t h e  opera- 
t o r ' s  manual, i .e. b r i n g  t h e  v e h i c l e  t o  a  complete s top  be fo re  shifting from 
reverse  t o  forward o r  forward t o  reverse  under norm?: opera t ions .  



f .  Verification testing simul ated the conditions wni ch caused 
in i t i a l  fa i lure  during FOE. The failure type and  location were identical t o  
the original fai 1 ures. 

g. Adequacy of the transmission shaft  f i i  has beer! suff jc ient ly 
demonstrated. No fcrther operational testing f s  considered necessary. 
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SUVr'WY SHEET 
M9 ACE DEIVE WAFT SOLUTIQI 

DESCRIPTION OF FAILURE 

DL'RINS X'E M9 ACE i?OLLO\.i-ON-EVALUATION (FCE),  F I V E  T W U Y 4 I S S I  GY CUTPUT DRIVE 
SI-C4FTS FAILED I N  FATIGUE. THE FAILURE WAS CAUSED BY OPERATOXS SHIFTING FFOi4 
REVSRSE TO FORWARD WITHOUT F I R S T  S T P P I N G  1'T-i~ \fEHICLE AS REQUIRED ZN THE PANUA. 

IMPROVE ME FATIGUE STRENGTH OF THE SHAFT AND AT THE ME TIME REDUCE THE MAGNITUDE 
OF TCRQUE. S P I K E S  INDUCED I N  THE S W T ,  BY INCORPOWTIhG:  

I .  A S W T  WITH HIGHER FATIGUE S T R E K T H  
2. A MODIFIED GEAR S H I F T  GUIDE CI~CREASE TIME TO REVERSE) , 
3 .  A MODIFIED G W .  STEER LINK (PRNENT GEARED STEER I N  REVERSE) 

. MEASURED TORQUE I N  THE SHAFT AT VARIOUS OPE.9ATIONAL MODES. 

. CONDU1-JTED FATIGUE TESTING OF OLD PN3 NRJ S W T S .  

. MEASURED TORQUE I N  THE SHAFT WITH MODIFIG4TICNS A P P L I D .  

. MAXIMUM INDUCED TORQUE I N  ME SFAFT OCCURS PS W f  M9 IS QUICKLY SHIFTED TO 
FORblARD (WITHOUT REDUCING POWER) AFTER M9VING ,REARWARD I N  GEARED STEL? AT 
MPXIMVM SPEED. 7 0 0 0  LB FT. 

. IMPRO'JED SPAFTS H4VE 6 TIMES M E  L I F E  OF M E  OLD S W T S  

. Tf-!E MCOIFIED GEARED STEEX LINK AND S H I F T  GUIDE REWCE THE MAXIMUM INDUCED 
TORQUE TO 4 7 0 0  LS FT.  . W I M L M  W B E R  OF C Y C E S  AT M E  WORST CASE I S  5 7 , 0 0 0 .  

R I S K  ASSESSMENT 

CPJWGES TO THE 1Y9 ,WE MINOR. WE R I S K  O f  INDUCING AhY)MW MEM00 OF FAILURE I S  
M I N I , W .  - THE R I S K  M A T  ME CPA?lGES DO NOT "FIX" THE PROBLEM I S  LOW. 

1. SHAFT L I F E  6 TIMES GREATS!. 
2 .  MAXIMUPI INDUCED TORQUE REDUCED i3Y 339 .  
3 .  TOTAL SHAFT L I  F t  (CCXS I D Z  I NG REPJCZD TCRC$lE) 1 YCRUSED ' ~ R C X . ~  

2 1 0 0  CYCLES TO OVE?! 1 , 0 C 0 , 0 0 0  CYCLES. 
4. INDUCED TORQUE S P I K E S  QU ALL O T H 3  COIPCNENTS REDUCED 33%. 

COST IMPACT 

. CN ,7J;1i'Rf PFFODL'CTICN - NO Crn'4C.E. 

. GV RETRCFlT  BASIS - 3 MINCR PARTS ARE XEPWCED (LESS  T i - l ' l  SLOQ) 

CONCLUS ICb4 
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DEFENSE 
INDUSTRIES 
A DIVISION Of Mall 

- 

VEHICLE MOD 

STD SHIFT/BLADDER 

MOB SHIFT/BLADDER 

STB SHIFT/SPRING 

M9 ACE TORQUE SPIKES 

1400  RPM I 2000 RPM 

LNGINE MAXIMUM THEORETICAL OUTPUT - 5200 

TORQUE AT TRACK SLIP, I S T  GEAR - 2590 

TORQUE AT BRAKE SLIP, 1 ST CEAR - 3500 

ENGINE AT 2800, SHIFT INTO I ST GEAR - 3700 

MAXIMUM ACCELERATION, 2800 RPM 1 STTHRU 4TH GEAR - 21 00 

TYPICAL BULLDOZING 2900 

ALL VALUES IN LB-FT MEASURED WITH 18000 LB BALLAST 
-- - 
n 05 005 
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HIGH SPEED OPERATION 

MOVEMENT OF TRANSMISSION 
SELECTOR FROM F4 THROUGH 
F6 SHlFTS STEER SELECTOR 

"?OM CB TO GS. 

DOZING OPERATION 

MOVEMENT OF TRANSMISSION 
SELECTOR FROM NEUTRAL 
THROUGH R2 SHIFTS STEER 
SELECTOR FROM GS TO CB. 
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TSST 03 JECTIVZ : 

The o b j e z t i v e  of this i a v e s t i g a t i o n  was t o  determine the  cause  of  f a i l u r e  
of t h e  t r ansmis s ion  output  s h a f t  o f  t h e  M9 ACE. 

1 .  Tes t ing  was conducted from 1 4  May 6 t o  2 J u l  85 .  

2 .  During Follow On Evalua t ion  of t h e  N9 ACE, t h e  t ransmiss ion  output  
shafts of five t e s t  v e h i c l e s  f a i l e d .  ( T h i s  t y p e  o f  f a i l u r e  d i s a b l e s  t h e  
v e h i c l e  and r e q u i r e s  replacement o f  t h e  power pack f o r  r e p a i r . )  The s h a f t s  
from t i lo  v e h i c l e s  were eva lva ted  by C la rk  Equipment ( t h e  manufacturer o f  t h e  
t ransmizs ion)  . The o t h e r  two s h a f t s ,  numbered 9 and 11 were submitted t o  the  
3 i e r l a - 3  Eranch f o r  an a a a l y s i s  o f  t h e  f a i l u r e .  Because  t h e r e  were  no 
f a i l u r e s  dur ing  t h e  l h i t i a l  P r o d z t f o n  T e s t ,  ou tput  s h a f t s  from twd o f  t h e  
t h r e e  IPT v e h i c l e s  number 3 and number 4 were submit ted t o  be  compared v i t h  t h e  
f a i l e d  s h a f t s .  

1 . F r a c t u r e  s u r f a c e s  were exmined  and photographed . 
2 .  The sp l ined  p o r t i o n  o f  t h e  f a i l e d  s h a f t  number 11 and t h e  two u n f s i l e d  

s h a f t s  were magnetic p a r t i c l e  inspec ted  t o  r evea l  the  e x t e n t  o f  c r a c k n g .  The 
tsro = f a i l e d  s h a f t s  u e r e  s ec t ioned  i n  t h e  s p l i n e  runout a r e a .  

3.  A l l  s h a f t s  were chemica l ly  analyzed by x-ray f l u o r e s c e n t  spectroscopy ; 
carbon and sulf 'ar  l e v e l 2  were de t e rn ined  by 13 abso rp t ion  o f  conbus t ion  gases .  



A .  R o c h e l l  hardness measurements were taken on the  s h a f t  s u r f a c e ,  a t  3/4 
r a d i u s ,  a t  ; / 2  r ad ixs ,  and a t  t he  c e n t e r .  

5 .  .4 l a b o r a t o v  f r a c t u r e  was p r o d ~ e d  i n  t h e  l o n g i t u d i ~ a l  r a d i a l  p lane  by 
p u t t i n g  a  c t r c u n f e r e n t i a l  s h e l l  about 10 rm t h i c k  i n  bending. The hardened 
c a s e  was s n  ';Ins t ens ion  s i d e ;  t he  s e c t i o n  was from s h a f t  9 nea r  t he  threaded 
end. 

6 .  Y i c r o b r d n e s s  was measured a s  a  f u n c t i o n  o f  d i s t a n c e  I ron  the  roo t  o r  
f i l l e t  su r f ace  on a l l  f ou r  s h a f t s  and from the  c m u n  s u r f a c e  on s h a f t  number 9 .  

7. L o q i t u d i n a l  metal lographic specimens were examined f o r  i nc lus ion  con- 
t e n t  a c c o x i 3 g  t o  ASTX E45, Hethod A. 

8.  The mic ros t ruc tu re  i n  t.he c a s e  and c o r e  r eg iocs  o f  each s h a f t  was ex- 
a n L ~ e d  on t r a n s v e r s e  specimens. 

1 .  The f r a c t u r e  su r f aces  a r e  shown In Figures  1 and 2, Appendix I. 
Crac'hs, which were r x t r a t e d  near  the  f i l l e t  o f  eech s p l i n e  t oo th ,  propagated 
l o r ! i t u d k a l i y  and r a d i a l l y .  A t  the s p l i n e  runout and the  end of t he  engage- 
3 e n t  s r i  th  t h e  a a t i n g  s p l i a e a ,  t he  c  racks propagsted t r ansve r se ly .  The f i n a l  
f r a c t u r e  occuzred i n  t he  t r ansve r se  plrzne a t  t he  s p l i n e  runout .  % t h  f r ac tu , e s  
were i d e n t i c a l  except t h a t  t h e  l o n g i t u d i n a l  craclcl propagated deeper  r a d i a l l y  
on s h a f t  nunber 9 t .hn  s h a f t  11. 

2 .  Yagnstic p a r t i c l e  inspec t i o n  revealed no cracka  away from the h igh ly  
s t r e s s e d  end o f  s h a f t  l l .  Both unfa i led  s h a f t s  have l o n g i t u d i n a l  c racks  i n  each 
f i l l e t .  The c r a c b  range from 5 to  10 ma in lengc&; a t  the  end of engagcreent 
snd the S e g F m i a g  o f  runout ,  branches propagate a c m s a  r o o t s  and up t e e t h  a t  
45 '  ta l ~ n g i t u d i n a l  sxls of t he  s h a f t  ( s e e  fig.. 3, app. I ) .  These c r acks  a l l  
extend through t h e  c a s e  aa  shown i n  F i g w e  4 ,  Appendix It, 

3. The chemical  ana lyses  of  a l l  f o u r  s h a f t s  conform to  s p e c i f i c a t i o n 3  f o r  
AISIS22 (See t a b l e  1 ,  app. 11). 

4 A l l  f o u r  s h a f t s  had s i m i l a r  macrohardness p r o f i l e s  (see t a b l e  2, app. 
11 ) . 

5. The l a b o r a t o r y  f r a c t u r e  showed a mixture of  c l eavage  and microvoid 
c o a l e s c e x e  i n  the  hardened c a s e  a r ea  ( s e e  f i g .  5, app. I). The c o r e  f r s c t u r e  
appeared " ~ o o d y "  by v l s u a l  obsa r r a t i on .  Examination i n  the  -2 r e v e a l s  a i c m -  
e old coalescence  i n i t i a t e d  a t  long s t r i n g e r s  and large round inclusions. 
P i ; ~ - e  6 ,  a p o e n d h  I shows an  example o f  each. The s t r i n g e r s  were i d e n t i f i e d  
a s  ! k S ;  t h o  round i n c l u s i o c s  were i d e n t i f i e d  a s  calcium modified alumina. 

5. The a i c r cha r3nes s  p r o r i l e s  o f  t h e  f o u r  s h a f t s  nea r  t h e i r  f i l l e t s  wero 
3izi i1ar .  The c a s e  was deepor a s  measured from the  s p l i n e  crown. (See graph 1 ,  
!lap. 111.) 



7. The i n c l u s i ~ n  con ten t  vas r a t ed  a t  3 f o r  t;.pe A t h i n  s e r i e s ;  i t  was 
ra ted  a t  1 f o r  tyoe D t h i n ,  1 f o r  t ~ a  D t h i ck .  Severa l  type D i nc lua i3ns  
ra2gmg from 15 t o  25 :! c! In d i s a e t e r  ( t u c k  s e r i e s  a r e  In the 12 p m range) were 
found.  Sxmples  a r e  shown i n  Figures  7 ,  8, 9 ,  Appendix 1. 

8. R e  microstrrrcture of t he  c a s e  is mar tens i te  wi th  soae  r e h i n e d  aus- 
t e n i t e  ( s e e  f i g .  10, apD. I ) .  The a i c r o s t r u c t u r e  0," the c o r e  is predominantly 
b a h l t e  ( s e e  f i g .  1 1 ,  app. I ) .  

1 .  The f a i l u r e  occurred by r eve r se  t o r s i o n a l  f a t i g u e .  The c r a c h  
g r < j i n a t e d  snd propagated near  t he  r o o t  f i l l e t s  o f  the  s p l i n e s  i n  the lon-  
g l t u d i n a l  p lanes  i n  the  r a d i a l  d i r e c t i o n .  The exac t  o r i g i n  o f  t he  c r a c b  i s  
u m l e a r  because the s u r f a c e s  rubbed dur ing  propagation.  I f  t h e r e  were no ex- 
i s t i n g  c r a c b  o r  su r f ace  f laws ,  f a t i j w  c r a c k  should i n i t i a t e  a t  the  case /cora  
i n t e r f a c e  because t h l s  a r e a  h s  the  most s t r e s s  f o r  i t s  s t r e n g t h .  But i t  i s  
l a c e r t a i n  how the  s t r e s s  concen t r a t ion  v a r i e s  with depth  i n t o  the  s h a f t .  The 
ex i s t*nce  o r  absence o f  quench c r a c b  p r i o r  to loading  the s h a f t  c w o t  b e  
de tern lned .  But an i n t e r g r a n u l a r  c r a c k  found through t h e  c a s e  i n  a  micro- 
specimen taken 2 0  cm from the  threaded end of  the  s h a f t  i n d i c a t e s  t h a t  t rans-  
f o r a a t l o n  induced s t r e s s e s  a r e  a s s i s t i n g  t h e  c r a c k  formation ( s e e  Y l g .  12, app. 
I!. 

2 .  The chemical c o m p s i t i o n  o f  t he  c o r e  is s a t i s f a c t o r y .  

3. The s i m i l a r  = i c  rohardness and mecrohardnese p r o f i l e s  o f  the  four  
s h a f t s  i x d i c a t e s  t h t  they  a l l  received s i m i l a r  hea t  t r ea tnen ta .  The n e c e s s i t y  
of  suc . 3 hsrd case  i n  the  s p l i n e s  is ques t ionable .  A s o f t e r  ca se  vould cer-  
tab1 y have more f r a c t u r e  to lghness  and l o w r  t?ansfonnat ion  induced s t r e s a e s .  

4. The h igh  nonmeta l l ic  i n c l u s i o n  e s n t e n t  of  thdse  s h a f t s  i s  not  a cause 
of f a i l u r e .  But the  h igh  c o n t e n t  i s  a c c e l e r a t i n g  the  r a t e  o f  crack grUovth i n  
the c o r e .  This  i s  ev iden t  both  from the  branching of t h e  f a t i g u e  c r a c h  a s  
seen  i n  Fiaure 4, Append- I and from the  l abo ra to ry  r r a c t u r e  a s  seen i n  Figure 
6 ,  Appendix I. 

5. The n i c r o s t r u c t u r e  o f  t h e  c o r e  is appropr i a t e .  The a i c m a t r u c t u r e  of 
the c a s e  c o n s i s t s  of  mar t ens i t e  which h a s n ' t  been t empred  enough t o  be d c c t i l e  
a t  roon temperature ( s e e  f i g .  5, app. I ) ,  and i t  c o n t a i n s  a u s t e n i t e  vhich i s  
prone to t r a n s f o r n a t i o n  wkich induces a d d i t i o n a l  s t r e a s j s  and i n t r o d  uc e s  a  
b r i t t l e  phase.  untempered mar tens i  t e  . 

5. The manufacturer  tias i n i t i a t e d  a  f i r ,  which inc ludes  aho t peening the 
s h a f t  and using AISIS40 s t e e l .  The use o f  t h e  harder  s t e e i  should rncrease 
th3 s h a f t  l i f e  b y  s lowing c r a c k  propagat ion  i n  the c o r e ,  but  t h i s  d o e s n ' t  sd- 
d r e s s  :he problez  of c r a c k  i n i t i a t i o n .  Shot  peening should he lp  prevent  c r a c k  
i n l t z a t i o n ,  but  cons i i ie rmq the c o n s i s t e n t  i n i t i a t i o n  i3 these  s h a f t s ,  i t  i s  
questionable whether sho t  peenkqg will prevent  a l l  c r ack  i a l t i a t i o n .  



:he f a t i g u e  f a i l u r e  o f  t he  :".9 A C E  t r a n s n i s s i o n  output  shaf : s  o c c u r r d  from 
revs r s lng  t o r s i o n a l  l o a d s  a s  appl ied  upon chmging  d i r e c t i o n  o f  the  ve'nicle. 
, "ont r rbutors  t o  the  f a l l u r e  i n c l u i e  a  c a s e  wl th  low t o u g h e s s ,  which aided i n  
c r a c k  F n i t i n t i o a ,  and a X g h  i c c l u s i e n  c o n t e a t ,  which acce l e r a t ed  c rack  growth 
rn  t h e  c o r e .  

1 .  Lovering the  s t r e s s  a t  the s p l i n e  f i l l e t  sill inc rease  l i f e .  
Increas ing  t h e  f i l l e t  r a d i u  o r  us ing  a f i l l e t  r o o t  s p l i n e  w i l l  decrease  both 
t r m s f o n a t i o n  induced s t r e s s e s  and operating s t r a e s e s .  Requiring ope ra to r s  t o  
c o s e  to a  complete s t o p  w i l l  l o p r  the  ampli tude of  t h e  s t r e s s  r e v e r s a l s  and 
thereby  i n c r e a s e  s h a f t  l i f e .  

2 .  The ae ' ca l l u rg i ca l  f i x e s  of t h e  nanufac tu re r  are marginal .  A s o r e  
f - a c t u r ~  tough c a s e  i n  tha  s p l i n e s  could b e  o b t a b e d  i n  cor.junction srlth a  very 
bar:! s u r f a c e  on the  bea r ing  r ace  ( t k w t h e r  up t he  s h a f t )  by s e l e c t i v e  c a r b u r i z -  
b g  o r  induct ion  t eape r ing .  

3 %xlosures 
Appendix I - Figu res  
ApperxiFx II - Tables  
Appendix Ill - Graph 

Chie f 
Xa t e r i a l s  3ranch 

Chief 
Phys ica l  Test Division 



Figure 2. Frac turs surface a f  shaf t  11. 



w e  3 .  Vsgne t i c  p a r t i c l e  m d i c a t i o n a  o n  s h a f t  4. An i d e n t i c a l  
? s t t e r n  das f o i n d  on a h a f t  3. 

F ~ g . ~ e  4 .  Cross  s e c t i o n  o f  s h a f t  3 n e a r  s p l i n e  r u n o u t .  Note t h a t  
zll :rlc%3 e x t a n d  t h r ~ u g f i  t h e  c a s e .  X s n l l a r  situation was found 
rn  sk . s f t  4. 



.r 2E 6 C  F L T C l i :  

payjypoc. m ,.;sr : e  cur8:-.o a e o s  q;Tr : Z F :  66 sr,, ~ : ; ; L ' z L Y L ~ F s ~ ~  

alar.  ssrxFr:o Fr ot, .e sza x e p o s  ~ T C A C J  ~ T E :  b;a;;-,na S E E  air; x:;  
c?qi ' e l 0 3  aqi  c; '6 ; J B ~ F  J O  irsr.;3s~z / J C & ~ Z O ~ E ~  . 2  a . x Y ; i  



Figure 7 .  Xangsnese sulfide inclusions,  type A stringers. MAC: lOQX 

?igurs  3. T-ype D Inc lus ions .  See figure 9 .  

I 
Psae C 



Figure 9. CaLciun aodified a l m i n a  inclusion with a  s h e l l  of 
calcium modiiied manganese su l f ide  U G :  1OOOX " 

Figure 10. Hic mstruc ture of hardened c a s e .  Gray and dark 
const i tuents  are plate nartensi te;  white const i tuents  are rekbined 
austenite  

M.4G: BX)X 
E T C ~ ~ A ~ :  P r c w  



- e 1 1  B a i n i t i c  S t r u c t u r e  o f  s h a f t  core. 

Pigure 12. T r a n s v e r s e  a i c r o s e c t i o n  t aken  20  m from threaded  end.  
!:ate i n t e r g r a n u l a r  f r a c t u r e  i n  c e n t e r  o f  r o o t .  S c a l e  i s  i n  i n c h e s .  

NAG: 1OOOX 
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T A a Z  1 . CHEMICAL ANALYSIS OF SHAFTS. 

TABU 2. ROCXWSLL HAEXESS, "C" S C A U  

1 /2 Radius 3/4 Radius 
27.0 29.0 

Surface 
6 3 . 2  

Appendix I1 
Psgo 1 47 
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DEPARTMENT OF THE ARMY 
U. S. ,ARl\fl bL4TERIEL SYSTE?S ANALYSIS ACTIVITf 

Aberdeen Proving Ground, Maryland 21005-5071 

R t C L T  TO 
A T T L U T I O W  o r  

AMXSY-CM 

SUBJECT: M9 ACE Drive Shaft F'ix 

Corncinder 
US Army Tank-~utomotive Command 
ATTN : AMCPM-M9 
Warren, MI 48397-5000 

1. Per your request, A M S M ,  w i t h  TECOM assistance, has assessed the proposed 
f ix for the M9 transmission o u t p u t  shaft and the risk associated w i t h  a produc- 
-,ion decision prior to vai idation of the fix. The enclosed memorandum contains 
that  assessment. 

2. As w i t h  any change t o  a crizlcal component, some validation of the f ix  i s  
required. However, having reviewed the proposed f ix  for this  drive shaft and 
the supporting contractor data already available, i t  i s  concluded tnat the 
risks associated with th i s  f ix  are sufficiently low that no additional testing 
3s required prior to a contract decisim. Final validation of the f i x  can be 
accomplished ei ther by retrofi t t ing an old vehicle prior to producxion or in 
the scheduled Ini t ia l  Proclction Test, b u t  should n o t  be required for a 
production decision. 

3.  AMSAA point of contact i s  Mr. WillSam A. Niemeyer, AUTOVON 298-6450. 

FOR THE DIRECTaR: 

Encl   REND H. REID 
Chief 
Combat Support Division 



AMXSY -CM 4 Septmber 1985 

MEMORANDUM FOR RECORD 

SUBJECT: Y9 A C E  Drive Shaft F i x  

1. Issue: Whether additional operational testing i s  necessary t o  demonstrate that 
the =mended f ix  for drive shaft fai 1 ures occurring during FOE i s  satisfactory. 

2. Back round: Five transmission o u t p u t  drive shafts failed during conduct of FOE, 
while --%- none alled auring IPT. Probably the key factor differentiating operation i n  
the two t e s t s  occurred i n  the competitive side-by-side FOE t r i a l s  with the 07, 
digging anti-tank ditches. During these t r i a l s ,  the M9 was repeatedly shifted from 
reverse to forward without stopping the vehicle as required in the operators manual. 
Standard procedure in IPT was to bring the vehicle to a stop before shifting f r a  
reverse to forward. 

3.  Assessment of the FOE Test Procedure: 
p r o h m  shifting from reverse to forward 
highly stressed canpet1 t : ~ ?  situation that 
technique i s  not unlike +ke stress induced 

Even t h o u g h  the manual specifically 
on the move, i t  i s  our opinion that the 
induced the operators t o  use this 
by combat conditions. Therefcre i t  i s  

concluded that a f ix  must be incorporated in the M9 t o  preclude premature shaft 
f ai 1 ure under these operati n j  conditions. 

4. Description of Fix: Three modifications have been proposed to eliminate fatigue 
fai lures i n  this  shaft. .  

a. The shaft has been redesigned w i t h  a material change from AISI 8822H t o  
AISI 5640H, the radius a t  the spline root has been increased from .00e inches tc  
.031 inches, and t h 2  shaft w i l l  now be shot peened. 

b. Through a linkage change, the M9 now cannot be driven i n  the geered steer 
mode when in reverse. This reduces the mhximum speed in reverse from 6.3 mph t o  
4 . 3  mph a t  maximum rpm for the clutch brake mode (or from 4.6 mph to  2.1 mph a t  
2000 rpm). 

c. The gear sh i f t  guide has been modified t o  preclude a straight shif t  motion 
from forward gears t o  reverse gears, The new guide requires a lateral  motion around 
a protruding ear when chdngiflg direction. 

5. Assessment of F i x :  60 th  failed and unfailed shafts were lnalyzed by the Physical 
Test Division, tngineering Director, CSTA, a t  A P G ,  confining t h a ~  the failures 



AMX t "-CM 
SUBJECT: M9 ACE Grive Shaft F i x  

4 September 1985 

occurred by reverse torsional fatigue. This i s  significant to the retest issue 
because a single cycle overload failure would not necessarily be fixea with a 
redesigned shaft which merely transferred the load t o  the next weakest p o i n t  where 
fa i lure  nay again occur. I n  t h a t  case a repeat of FOE testing would be strongly 
indicated. ' 3 such "fusing" situation exfsts with this  shaft however. 

a. Shaft redesign - Individual contributions of the several shaft chanqes 
cannot be quantified, though a l l  are in the right direction. The net improvement 
i s  shown w i t h  the attached Clark S - N  curves obtained f r m  tes ts  of the original and 
new shaft configurations. FOE testing i s  estimated to have produced, at  most, 
15,OCJ cycles of maximum stress reversal, during the competitive t es t ,  to the 
average shaft fa i lure  point (about 30 percent of the 1 i f e  required). While peak 

. torques experienced during FOE would vary with engine speed a t  gear change, failure 
a t  about 15,000 cycles would indicate a repeated torque of about 6000 f t - l b .  In 
fac t ,  an instrumented drive shaft i n  PACCAR testing experi enceo 5400 ft-lbs torque 
when shifted on the move from reverse to forward at 1400 rpm engine speed. A 
similar sh i f t  a t  2000 rpm produces about 7000 ft- lbs i n  the shaft. Regardless of 
whether the peak torquzs are 6000 ft- lbs as indicated from FOE or 7000 ft-Ibs, the 
mzximum from instrumented testing, the redesigned shaft would be expected to have a 
fatigue l i f e  that i s  5 to 10 times greater than the original shaft l l fe.  

.- b. Geared steer link chanqe - This simple change prevents geared steer in 
reverse, requiring the vehicle t o  remain in the clutch brake mode, which would 
normally be used i n  dozing, when backing up. The effect  i s  to reduce the maximum 
reverse speed and consequently the torque spike induced w i t h  an on-the-move shi f t  
from reverse to forward gear. The instrumented shaft t e s t s  indicate the 7000 f t -1  bs 
previously measured are reduced to  aboiit 5OOO f t- lbs when operating f n  the clutch 
brake mode. A t  t h i s  torque, the S-N curves indicate the new shaft would have nearly 
10Q' tiri:es the 1 i f e  required. - - 

c .  Gear sh i f t  guide modification .- - This change i s  intended to increase the 
Lime required t o  sh i f t  between iorward and reverse gear positions, and to increase 
awarmess that  a direction change i s  involved. However measured shi f t  times and 
shaft torques w i t h  the original and modffied sh i f t  guides showed very small 
differences. The effect  of th i s  change i s  therefore judged to be minimal, t h o u g h  
clearly unnecessary in view of the effectiveness of the other changes. 

6 .  Risk Assessment: The risk that the new shaft design will not meet the 600-hour 
durabil i ty  requirement of the M9 ACE under conditions experienced i n  FOE testing i s  
vir tually negl igible. However, even the new shaft is  n o t  abuse-proof. Shou ld  the 
operator sh i f t  from reverse t o  forward w i t h o u t  stopping a t  m a  imm thrct t le ,  i .e. 

' 

2800 rpm, i t  i s  anticipated that torque peak; will be sufficiently high, even with 
al l  fixes i n  place, t o  cause premature shaft failure. Normal operating procedure 
should continue t o  require a stop before shifting from reverse t o  forward gears. 



M X S Y - i ! l  
SLBJECT: 149 ACE Drive Shaft Fix 

4 September 1935 

The only other element of  r isk associated with the proposed f i x  i s  that associated 
with a productivity loss in reducing the reverse speed by eliminating geared s teer  
in reverse. The maximum impact of t h i s  change would be in the high s t ress  dozing 
operati  on previously described. Calcul ated times for  equivalent tasks are increased 
less  than 10 percent fo r  such tasks and under normal operation there i s  no loss at  
a1 1. I t  i s  concluded tha t  the operational r isk of s ignif icant  productivity loss i s  
negligible.  

7 .  Conclusion: As with any change to a c r i t i c a l  component, some validation of the 
f ix  i s  required. However, having reviewed the proposed f ix  for  th i s  drive shaft  
and* the supporting contractor data already available,  i t  i s  concluded that the 
r i sks  aszociated with t h i s  f i x  are  suf f ic ien t ly  low that no additional testing i s  
required pr ior  t o  a contract decision. Final validation of the f i x  can be accomplished 
e i t h e r  by r e t ro f i t t i ng  an old vehicle pr ior  to production or in the scheduled IPT, 
b u t  should not be required fo r  a production decision. 

WILLIAM A. NIBEYER I i 

I 

Chief, Mobility Analysis Branch I 

U S M S A A  I 

R. WvIS MENTZER '\ 
AEtSAA Analyst 

C 

TECOM Analyst 
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M9 ACE D R I V E  SilAFT FIX VERIFICATION TEST 

PURPOSE OF TEST - 
The purpose of this tes t  is to demonstrate the adequacy o f  the recommended f i x  

for the M9 ACE Drive Shaft which failed during FOE. Specifically, the increased 
fatigue l i f e  of the shaft, as projected by the contractor, will be verified. 

Five transmission o u t p u t  drive shafts failed during conduct af FOE, while none 
failed d u r i n g  IPT. Probably the key factor differentiating operation in the tw 
test's occurred in the competitive side-by-side FOE t r i a l s  with the 07, digging fight- 
ing positions. , During these t r i a l s ,  tne M9 was repeatedly shifted from reverse to 
forward without stopping the vehicle as required in the operators manual. Standard 
procedure i n  IPT was to bring the vehicle to a stop before shifting from reverse t o  
forward, -. .. . .-. - .  A. - - I  - ? - - - . _ I  - - . .  . - 

- - . . .  
The peak torsional loading h i c h  result=? from the cyclic motion of shifting 

from reverse to fomard was found t o  have cawed the fatigue failures in the drive 
.shafts: Failure occurred at  an estimated one-third of the required durability 'of 

.?-&. ,- - .  - .  major. components within the M9. -. . -A:;;. .. . -:- . - . . . . I  . L .-. - -  . - . q<--..T.. * ...-.... ,..- ,..-., .- -.-. +;-:-*- - '  - . . . . - ';=-:.. . <---- . 
.2 - . - .. r a -  . - . -  ' - i  

TEST CONCEPT - - . .. .- . . -  - 
, . _ ' . . I  . 

PA-..: . , -:2&-4 , . 4 -  ... . . .  . - ; . - . . . . . .. .. -. ..- ,- --* - +--r. - 
i-1. - =..~our''drive shafts willd-be tested-iising tn vehicles. 2 Testing will consist of $s.~-* 

cycling the vehicle fran reverse to forward motion, a t  constant engine speed, to . 
simulate the effect of digging fFghting positions. Since peak loading en the shaft 

:: occurs while shifting frun.reverse t o  fomard, a tes t  which simulates this cyclic - - 7 % -  

behavior will verify the adequacy of the fix;.--. i:.-' . - ., . . , 
. . -  v 

. . 
r - -- . Vehicle 51 will be identical to the vehicles used i n  FOE testing, including - . the 6;-ive shaft. The vehicle will be run forward and backward in a cyclic pattern - 
..L; until shaft failure. . T h i s  shaft will -be -replaced w i t h  an identical shaft and again :-,- . 
A. 

2' run until failure. These results should produce a baseline from which to judge 
impr2vernent resulting from proposed changes. 

iehiere 62 will be moiified to incorporate the fixes the contractor has 
proposed. These include: 

(1) A new shaft with a higher fatigue l i fe .  - .  . 
( 2 )  A modified geared steer 1 inkage to prevent geared steer in reverse. 

( 3 )  A.modified gear shif t  guide t o  preclude a straight shif t  motion from 
reverse t o  forward. 



> i s  sen'cle, with each of the two 
pattern i ~ e r t i c a l  t o  :hat o f  vehic 
oric<nzl  saaf ts  or u n t i l  shaft fa i  

new shafts, w i  1 1  b? operated 
l e  Ii for a nininm o f  five t 
1 ure, whjchwer occurs f i r s t .  

t5rough G cyclic 
ines the l i f e  o f  the 

Sjnce the vehicles 
availzble for th is  t e s t  have previously exper:enced extensive operation, failures 
other than t o  the drive shaft may be expected and should n o t  be considered relevant 
to  th i s  issue. 

DATA REQU1REE;ENTS - 
The vehicles and drive shafts will be instrumented t o  record: 

( I )  Shift  Position 

( 2 )  Drive Shaft Torque (FT-LBS) 

( 4 )  Drive shaft  Speed (RPM) 

( 5 )  Continuous Coun t  of Cycles Accomplished 

TEST PROCEDURE - - 
Testing shall be conducted on a hard, level surface. The M9 shall be loaded 

to mtximum gross vehicle weight (18,000 1b bowl load). The suspension shall be 
locked i n  the sprung mode. 

Testing will consist of cycling the vehicle from reverse motion to  forward 
motion t o  simulate the effect  of digging fighting positions. The vehicle shall 
achieve a constant road speed i n  reverse, a t  an engine speed of 2000 RPM, before 
shif t ing t o  fwward. Shifting from reverse to forward will be conducted as rapidly 
as possible and w i t h  no reduction in engine speed. Shifting frcm forward t o  reverse 
will be accomplished a f te r  the vehicle has come t o  a complete stop. 

Vehicle #1 (unmodified) shall be shifted from Reverse 2 t o  Forward 2 i n  the 
geared s t e e r  mode t o  produce maximun torque levels experienced in FOE (6000-7000 
FT-US). Cycling sha l l  continue until shaft fa i lure ,  with the driver being rotated 
as necessary. Upon f a i lu re ,  the second umodified shaft will be installed and 
tested i n  a similar manner. 

Vehicle #2 (modified) shall be shifted from Reverse 2 t o  Forward 2 .  The action 
of the modified geared s teer  .linkage will insure opera t ion in the clutch brake 
s tee r  mode. Veasured torsional loads on the shaft should be approximately 5000 
FT-LBS. This t e s t  will r u n  to shaft fa i lure  or for a minimum of f ive  times the 
l i f e  of the orginal shaft  as determined by Vehicle & I  testing. A second modified ' 

drive sha f t  will then be insta112d and the t e s t  repeated. 



C X I T E Z I O N  FOR SUCCESS - 
The proposed f < x  will be considered successfcl l i  ?be  new trznsnission out?ut 

s h a f t  design dmonstrates a fatigue life approxjnately three times as long as that 
of the original configuration. 



TO: CDR USATACOf l  WARREN MI / /AP lCPM- f l y / /  

I N F O  CDR AMC ALEX VA/ /A f lCDE-SS-V / /  

CDR USAOTEA F A L L S  CHURCH VA/ /CSTE-FSS-A / /  

UNCLAS 

A. LTR,  A R S A h ?  ARXSY-CM, 52  SEP 8 5 ,  S U B J :  TRANSI ' I ISSION OUTPUT 

SHAFT CHECK T E S T *  
; 

L. A REVISION T O  REFERENCE A DRAFT TEST P L A N  IS R E C O ~ F Y D E D .  THE 
2;' 

O R I G I N A L  P L A N  CALLED FOR THE V E H I C L E  TO BE S H I F T E D   FRO^ REVERSE TO 

FORWARD "ON THE ROVE", BUT FOR S H I F T S  FROi7 FORWARD TO REVERSE THE 

V E H I C L E  WOULD B E  STOPPED T H I S  PLACES TORSIONAL S h 8 : E S S  ON THE 

T R A N S R I X S I O N  OUTPUT SHAFT I N  ONE D I R E C T I O N  ONLY AND RECENT A N A L Y S I S  

I N D I C A T E S  T H I S  WILL R E Q U I R E  EXTREUELY L 3 N G  TEST T I U E S  TO I N D U C E  

F A I L U R E .  AT L E A S T  ONE FOE DRIVER HAS S I N C E  REPORTED THAT ON-THE- 

POVE S H I F T I N G  FRCfl FORUARD TO REVERSE WAS ALSO USED TO DISLODGE 

D I R T  FROM THE BLADE.  THC APG LABORATORY A N A L Y S I S  OF THE F A I L E D  

SHAFTS ALSO CONCLUDES THAT THE F A I L U R E S  OCCURRED BY REVERSE TOR- 

S I O N A L  F A T I G U E t  I N D I C A T I N G  S I G N I F I C A N T  TORQUE WAS A P P L I E D  I N  BOTH 

D I R E C T I O N S  

2 .  BASED ON THE ABOVE FACTORS, I T  I S  RECORRENDED THAT A L L  R E R A I N I N G  
STR 
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TESTING (EXCEPT THAT IDENTIFIED IN PARA 31 BE ACCOflPLISHED MITH. 
FROM: 

ON-THE-UOVE S H I F T S  FROn FORMARD TO R E V E R S E  AS UELL AS-FROn R E V E R S E  
TO: 

TO FORWARD- ENGINE SPEED SHOULD BE HELD AT ZOO0 RPPI THROUGHOUT 

THE TEST CYCLE AS BEFORE* 

3 -  I T  CAN B < , S H O W N  THAT T H E  I l lPACT OF TESTING ACCOIIPLISHED TO 
I 

DATE UITH LOADING I N  ONE DIRECTION ONLY MILL HAVE IIINIRAL InPACT 

O N  THE FATIGUE L I F E  RESIJLTING FROfl' FULL REVERSE CYCLES* NEVER- 
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ENGIYEERING DIRECTORXTE 
PHYSICAL TEST DZVISIOS 

HATfSIALS B R A N C H  
R E P O R T  N O .  86-%:44 

STECS-EN-PH D a t e  o f  R e p o r t  1 9  Dec 8 5  

T i t l e  o f  R e p o r t  K e t a l l u r g i c a l  A n a l y s i s  o f  S p e c i a l  S t u d y  A C E  S h a f t s  
TECOH P r o j e c t  T i t l e  S p e c i a l  S t u d y  o f  t h e  K9 A r m o r e d  Combat  

E x c a v a t o r  ( A C E )  

TECOM P r o j e c t  No.  8-EC-785-ACE-004 Work O r d e r  No. 3 3 0 - 2 3 6 0 2 - 6 0  

C o n d u c t e d  F o r  L a w r e n c e  W e a v e r ,  W h e e l e d  V e h i c l e  B r a n c h ,  
C l o s e  C o m b a t  S y s t e m s  D i r e c t o r a t e ,  9 1 d g  4 0 0  

R e f e r e n c e s  P . T .  D i v i s i o n  R e p o r t  No. 86-X-2 ;  ASM M e t a l s  
H a n d b o o k ,  V o l .  1 

TEST OBJECTIVE: 

T h e  o b j e c t  o f  t h i s  i n v e s t i g a t i o n  w a s  t o  c o m p a r e  t h e  f a i l u r e  mode o f  
t w o  ACE t r a n s m i s s i o n  s h a f t s  t o  p r e v i o u s  f a i l e d  A C E  s h a f t s  a n d  t o  
e x a m i n e  a n  u n f a i l e d  s h a f t .  

INTRODUCTION: 

1 .  T e s t i n g  v a s  c o n d u c t e d  f r o m  2 1  Nov 8 5  t o  1 3  Dec  8 5 .  

2 .  I t  w a s  r e q u e s t e d  t h a t  M a t e r i a l s  B r a n c h  c o n d u c t  a n  a n a l y s i s  o f  
t h r e e  H9 ACE t r a n s m i s s i o n  o u t p u t  s h a f t s  t h a t  w e r e  u s e d  d u r i n g  t e s t i n g  
a t  t h e  c o n t r a c t o r ' s  (PACCAR) f a c i l i t y  d u r i n g  t h e  p e r i t  . 1 6  O c t  t o  5 Nov 
1 9 8 5 .  Two o f  t h e  s h a f t s  f a i l e d  a s  e x p e c t e d  d u r i n g  t h t  . a s t .  T h e  t h i r d  
s h a f t  w a s  s t i l l  i n t a c t  a n d  w a s  i n a d v e r t e n t l y  i n t r o d u c e d  d u r i n g  t h e  
c o n t r a c t o r ' s  t e s t .  T h e  t w o  f a i l e d  s h a f t s  w e r e  c o a p a r e d  t o  p r e v i o u s  
f a  i l l ~ r e s  d o c u m e n t e d  i n  P h y s i c a l  T e s t  D i v i s i o n  ( P T D )  S e p o r t  No. 86-M-2. 
T h e  t h i r d  s h a f t  w a s  a n a l y z e d  t o  d e t e r a i n e  how i t  d i f f e r e d  from t h e  two 
f a i l e d  s h a f t s .  T h e  u n f a i l e d  s h a f t ,  SN 0 0 2 ,  was  l a b e l e d  " A " .  T h e  
f a i l e d  s h a f t s ,  S N  0 0 5  a n d  S N  0 0 1 ,  w e r e  l a b e l e d  " 8 "  a n d  "C" 
r e s p e c t i v e l y ,  

??.',3CZ3UBE: 

1 .  F r a c t u r e d  s u r f a c e s  w e r e  e x a n i n e d  a n d  p h o t n : r a p h e d .  



2 .  A11 t h r e e  s h a f t s  w e r e  i n s p e c t e d  u s i n g  n o n - d e s t u c t i v e  r a g n e t i ;  
> a r t i c l e  t e c h n i q u 2 j .  T h e  s h a f t s  w e r e  s e c t i o n ? ?  i n  : h e  s p l i n e  r u n o u t  
a r e a .  

3 .  T h e  s h a f t s  w e r e  c h e m i c a l l y  a n a l y z e d  u s i n g  a n  X - r a y  f l u o r e s c e n t  
s p e c t r o m e t e r  a n d  a c a r b o n - s u l p h u r  IR d e t e r u i n a t o r .  

4 .  R o c k w e l l  h a r d n e s s  m e a s u r e m e n t s  w e r e  t a k e n  o n  t h e  s h a f t  s u r f a c e ,  
a t  1 1 2  r a d i u s ,  a n d  a t  t h e  c e n t e r .  

5 .  X i c r o h a r d n e s s  w a s  m e a s u r e d  a s  a  f u n c t i o n  o f  d i s t a n c e  f r o m  t h e  
r o o t  n f  t h e  s p l i n e  s u r f a c e  o n  t h e  t h r e e  s h a f t s .  

6 .  T h e  m i c r o s t r u c t u r e  0 2  t h e  s h a f t s  w a s  e x a m i n e d  u s i n g  c h e m i c a l  
e t c h i n g '  t e c h n i q u e s  a n d  a  n e t a l l o g r a p h .  

7 .  An o p t i c a l  c o a p a r a t n r  w a s  u s e d  t o  m e a s u r e  t h e  f i l l e t  r a d i u s  a t  
t h e  b a s e  o f  t h e  s p l i n e s  o f  e a c h  s e c t i o n e d  s h a f t .  

RSSULTS: 

1 .  A c o m p a r i s o z  o f  t h e  f r a c t u r e  l o c a t i o n  o f  s h a f t s  B a n d  C a n d  t h e  
n o n f r a c t u r e d  s h a f t  A i s  s h o w n  i n  A p p e n d i x  I ,  F i g u r e  1 .  S h a f t  B a n d  C 
f r a c t u r e d  i n i t i a l l y  n e a r  t h e  f i l l e t  o f  e a c h  s p l i n e  t o o t h  a n d  t h e  c r a c k s  
p r o p a g a t e d  l o n g i t u d i n a l l y  a n d  r a d i a l l y  ( a p p  I ,  f i g .  1 a n d  3 ) .  T h e  
f r a c t u r e  f e a t u r e s  w e r e  n e a r l y  i d e n t i c a l  t o  t h e  d o c u m e n t e d  f a i l u r a s  o f  
PTD R e p o r t  No. 8 6 - X - 2 .  SEM e x a m i n a t i o n  r e v e a l e d  q u a s i - c l e a v a g e  
features a l o n g  e k e  o u t s i d e  s p l i n e d  f r a c t u r e  s u r f a c e  o f  t h e  s h a f t s  ( a p p  
I ,  f i g .  4 ) .  T h e  c o r e  o f  t h e  s h a f t s  c o n s i s t e d  o f  m i c r o v o i d  c o a i e s c e n c e  
w h i c h  i n d i c a t e d  d u c t i l e  f r a c t u r e  ( a p p  I ,  f i g .  5 ) .  Some p a r t i c l e s  
a r o u n d  w h i c h  m i c r o v o i d s  i n i t i a t e d  w e r e  f o u n d  t o  c o n t a i n  h i g h  
c o n c e n t r a ~ i o n s  o f  m a n g a n e s e  a n d  s o m e  c a l c i u m .  

2 .  M a g n e t i c  p a r t i c l e  i n s p e c t i o n s  o f  t h e  s h a f t s  r e v e a l e d  e x t e n s i v e  
c r a c k i c ;  i n  t h e  s p l i n e s  o f  t h e  f a i l e d  s h a f t s  ( a p p  I ,  f i g .  6). T h e  
c r a c k i n g  w a s  l i m i t e d  t o  t h e  r e g i o n  o f  f i n a l  f a i l u r e .  S h a f t  g A s h o w e d  h o  
d i s c o n t i n u i t i e s  i n d i c a t i v e  o f  c r a c k s  o r  o t h e r  d e f e c t s  ( a p p  I ,  f i g .  7 ) .  

3 .  T h e  c h e m i c a l  a n a l y s i s  o f  t h e  s h a f t s  i s  g i v e n  i n  A p p e n d i x  11, 
T a b l e  1 .  S h a f t s  B a n d  C c o r r e s p o n d e d  t o  A i S I  8 8 2 2  a l l o y  s t e e l .  The  
s i l i c o n  l e v e l  a £  s h a f t  B w a s  s l i g h t l y  h i g h e r  c h a n  t h e  n ? m i n a l  
c o n c e n t r a t i o n  s p e c i f i e d  f o r  8 8 2 2 .  S h a f t  A m e t  s p e c i f i c ~ t i o n s  f o r  A I S I  
8 6 4 0  a l l o y  s t e e l .  

4 .  T h e  n a c r o h a r d n e s s  o f  t k e  s h a f t s  i s  l i s t e d  i n  h p ? e n d i x  X I ,  T a b l e  
2 .  T h e  s u r f a c e  h a r & ? . = s j  m e a s u r e - e a t  v a s  t h s  s a = s  f o r  t h e  : h r ? s  s h a f : j .  
Tne t h r o u g h  h a r d n e s s  o f  s h a f t  h v a s  1 5  t o  2 0  i ? o c k w e l l  h a r d n e s s  p o i n t s  
a s 2 v e  t h e  t h r o u j h  h a r d n e s s e s  o f  s h a f t s  B a n d  S. 



5 .  X i c r o h a r d n e s s  p r o f i l e s  o f  t h e  t h r e e  s h a f i s  a r s  s h o w n  i n  A p p e n d i x  
, r e  1.  T h e  h a r d n e s s  1 2 a s u r e = e n t s  w e r *  m a d e  c l o s e  :n t h e  
: i ! i = t s  a n d  p r o g r e s s e d  f r o m  t h e  s u r f a c e  t o  t h e  c a r e  o f  t h e  s h a f t s .  The 
= i c r s h a : d n e s s  p r o f i l e s  o f  s h a f t s  3 a n d  C w e r e  s i s i l a r  t o  p r e v i o u s  
f a l l ~ r a s .  T h e  s h a f t s  o f  t h i s  i n v e s t i g a t i o n  w e r e  c o m p a r e d  d i r e c t l y  t o  
p r e v i o u s  f a i l u r e s  f o r  t h e  s a m e  r e g i o n .  T h e  m i c r o h a r d n e s s  d a t a a r e  g i v e n  
i n  X ~ p e n d i x  111, F i q u r e  2 a n d  3 .  T h e  h a r d n e s s  p r o f i l e  o f  s h a f t  A 
i n d i c a t e d  a  s i g n i f i c a n t  i n c r e a s e  i n  c a s e  d e p c h .  S h a f t s  B a n d  C a n d  t h e  
p r e v i o u s  s h a f t s  p o s s e s s e d  a  c a s e  d e p t h  o f  a p p r o x i m a t l y  1 . 0  E m .  T h e  
c a s e  d e p t h  o f  s h a f t  A w a s  1 . 8  m m .  

6 .  T h e  i n c l u s i o n  c o n t e n t  o f  a l l  t h r e e  s h a f t s  w a s  m e a s u r e d .  A 
l o n g i t u d i n a l  c r o s s - s e c t i o n  o f  s h a f t  B a n d  C r e v e a l e d  m a g a n e s e  s u l f i d e  
i n c l u s i o n s  w i t h  a  r a t i n g  n f  2 ,  t h i n  s e r i e s  ( a p p  I ,  f i g .  8 ) .  S h a f t  A .* 
w a s  c l e a n e r  a n d  r e v e a l e d  n o  r a t a b l e  i n c l u s i o n s .  

-. -- 
7 .  T h e  m i c r o s t r u c t u r e  o f  s h a f t s  B a n d  C uas s i m i l a r  t o  t h e  

p r e v i o u s  f a i l u r e s ,  T h e  c a r b u r i z e d  c a s e  o f  s h a f t  X c o n s i s t e d  o f  
n a r t e n s i t i c  l a t h e s  i n  a m a t r i x  o f  r e t a i n e d  a u s t e n i t e  ( a p p  I ,  f i g .  1 0 ) .  
T h i s  s t r u c t u r e  r e s u l c c d  f r o m  t h e  h i g h  c a r b o n  c o n t e n t  i n d u c e d  by t h e  
c a r b u r i z i n g  a t z i o s p h e r e  a n d  t h e  s u b s e q u e n t  q u e n c h .  T h e  c o r e  o f  s h a f t s  B 
a n d  C c o n s i s t e d  o f  b a i n i t e  a n d  f e r r i t e  ( a p p  I ,  f i g .  11) .  T h e  c o r a  o f  
s h a f t  C w a s  a  m i x t u r e  o f  t e m p e r e d  m a r t e n s i t e  a n d  b a i n i t e .  

8 .  T h e  o p t i c a l  c o m p a r a t o r  r e v e a l e d  a  f i l l e t  r a d i u s  o f  C.010 i n c h  i n  
t h e  s p l i n e s  o f  s h a f t s  B a n d  C ,  a n d  a f i l l e t  r a d i u s  o f  0 . 0 1 5  i n c h  i n  
s h a f t  A i n  t h e  r o o t  o f  t h e  s p l i n e s .  T h e  c h a n g e  i n  r a d i u s  a p p e a r e d  t o  
b e  a  r e s u l t  o f  t o o l i n g  a n d  not 4 d e l i b e r a t e  c h a n g e  i n  d e s i g n  o f  t h e  
f i l l e t  r a d r u s .  

DTSCUSSIOS O F  RESULTS: 

1 .  A l l  m a t e r i a l  p r o p e r t i e s  i n d i c a t e d  s h a f t s  B a n d  C w e r e  i d e n t i c a l  
t o  t h e  f a i l e d  s h a f t s  o f  PTD R e p o r t  N o .  86 -H-2 .  T h e  f r a c t u r e  f e a t u r e s  
i n d i c a t z d  s h a f t s  3 a n d  C f a i l e d  i n  a s i m i l a r  m a n n e r  t o  t h e  p r e v i o u s l y  
f a i l e d  s h a f t s .  

2 .  T h e  p r ' z q r y  c h a n g e  t o  s h a f t  A w a s  t h e  i n t r o d u c t i o n  o f  a  n e v  
a l l o y ,  X I S 1  d& a l l o y  s : e e l ,  a n d  a c ~ r r e r p o n d i n g  i n c r e a s e  i n  c a s e  
J r p c a  a n d  c o r e  h a r d n e s s .  T h e  c a r b u r i z z d  c a s e  w a s  k l m o s t  i s u 5 ? 2 &  sad 
b n t h  t h e  m i c r o h a r d n e s s  a n d  m a c r o h a r d ' n e s s  i n d i c a t e  a  c o n s i s t e n t  i n c r e a s e  
i n  h a r d n e s s  t h r o u g h  t h e  c r o s s - s e c t i o n  o f  t h e  s h a f t .  

3 .  H e t a l l u r g i c a l l y  t h e  c a s e  o f  s h a f t  X w a s  a l t e r e d  f r o m  t h e  
t c n p l r s d  r n a r t e n s i t i c  s t r u c t u r p  o f  s h a f t s  B a n d  C t o  a  s t r u c t u r e  w i t h  a  
s a : j j : ? - . : ; a l  a z o u z t  o f  r e t a i n e d  a u s t a n i t e .  T h i s  s c r u c : u r o ,  b r o u g h t  0::  

5:;  c - e  : a r S u r i t i n g  p r n c z s s ,  i s  s s c h a n i c a l l y  w e a k e r  a n d  t e n d s  t o  
F r ~ : r ~ d d c s  m i c r o c r a c k s  i n t o  t h e  c a r b u r i z e d  c a s e .  



. T h e  f i l l * :  r a d i i  o f  a l l  t h r a e  s h a f t s  .:ere e s s e n t i a l i y  t h e  s a r i e .  
.\!:-.?-:? s h a f t  X V ~ S  S U ? ? O S ~ ~  t o  b e  s h o t  ~ e e n e d ,  i: w a s  n o t  ? n s s i b i e  t o  
a s c ~ r t a i n  t h a t  this p r o c e s s  h a d  b e e n  p e r f o r m e d .  

j .  S h a f t  A s s 5 m e d  t o  r e p r e s e n t  a  s i g n i f i c a n t  i m p r o v e c e n t  i n  
f a : i g u e  s t r e n g t h  f r o =  t h e  d e s i g n  o f  t h e  o l d  s h a f t s .  T h i s  i s  a  l i m i t e d  
s a n p l e  a n d  f u r t h e r  t e s t i n g  o f  m o r e  t h a n  o n e  s h a f t  i s  n e e d e d  t o  i n s u r e  
: h e  v a l i d i t y  o f  t h e  i m p r o v e m e n t s .  

I t  i s  c o n c l u d e d  t h a t :  

1 . .  T h e  t r a n s n i s s i o n  s h a f t s  B a n d  C o f  t h e  A C E  f a i l e d  d u e  t o  
r e v e r s e  t o r s i o n a l  l o a d i n g .  T ~ L  f a i l u r e  s a d e  v a s  s i n i l a r  t o  p r e v i o u s  
f z i I a r 2 s  o f  t h e  +.CE t r a n s m i s s i o n  s h a f t .  

2 .  T r a n s m i s s i o n  s h a f t  A r e v e a l e d  n o  s u r f a c e  c r a c k s  o r  
d i s c o n t i n u i t i e s  a f t e r  m a g n e t i c  p a r t i c l e  i n s p e c t i o a .  

3 .  S h a f t  A v a s  c o m p o s e d  o f  A I S I  8 6 4 0  a l l o y  s t e e l .  T h e r e  v a s  50 

s i g n i f i c a n t  c h a n g e  i n  t h e  f i l l e t  r a d i u s  o f  t h e  s p l i n e  r e g i o n  c o m p a r e d  
t o  s h a f t s  3 a n d  C .  T h e  p r e s e n c e  o f  s h o e  p e e n i n g  o n  s h a f t  A v a s  not 
a s c e r t a i n e d .  

4 .  T h e  c a r b u r i z e d  c a s e  d e p t h  o f  s h a f t  A w a s  s i g n i f i c a n t l y  i n c r e a s e d  
/ 

c o x p a r e d  t o  s h a f t s  B a n d  C .  

I :  i s  r e c o n m e n d e d  t h a t :  

1 .  T h e  c a i b u r i z i n g  p r o c e s s  o f  s h a f t  C b e  a l t e r e d  t o  p r e v e n t  
r e t a i n e d  a u s t c n i t e  i n  t h e  c a s e  a n d  r e d u c e  t h e  c h a n c e  o f  m i c r o c r a c k s  i n  
t h e  c a s e .  

2 .  F u r t h e r  - . t e s t i n g  o f  t h e  i m p r o v e d  s h a f t  b e  i n s t i t u t * d  t o  
a s c a r  t a i n  t h e  r e l i a b i l i t y  o f  t h e  d e s i g n  c h a n g e s .  
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F i g u r e  I .  S h a f t  A was undaragec!. F rac tu re  p a t h  o f  shafts 
B and C i n  t h e  s p l i n e s  i n d i c a t z d  by arraus.  





9:gure 5. T y p i c a l  m i c r o v o i d  c o a l e s c e x e  fauhd Fn the 
c o r z  of t h e  fractured shzft. P z r t i c l z s  c o u c d  w h i c h  
micro- :o l i s  begin a r e  a p p a r e n t  ( a r r o w s ) .  ?fagn: 1500 X 



Figure 7 .  Kagnetic p a r t i c l e  testing revealed no 
d i s c o n t t n u i t i e s  ind ica t ive  o f  crac!rs o r  other 
defec t s .  



-.- - r h x r e  9. Tnc aicrostrurturc a lors  the outside case 
of sh;fts E 2nd C cocsisted of quenched ant t e q e r d  
nartezsit~. E:c!-ant: 22 Nitzl Elagn: 400 X 



- -" 
t h e  c o r e  of shaft C cons i s t ed  of bainite ( d a r k  region 
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CYEXICAI, AVUYSTS OF ACE TLCYS:.!ISSIO:I S P X T S  

Z Elemental  Conposition bv ' Je lpht  

TABLE 2 .  ROCICWELL "C" W N E S S  OF ACE SHAFTS 

Center 112  Radius 314 Rzdius Surf ace 

3 7 4 2 4 5 6 1 

23 23 27 61 

22  25 2 6 6 1 

APPEhJIIX XI 
Page 1 









Fur u a e o f  thls  fot'm. sw AR 24015,  the proponent agency I S  T A G 0  

EFERENCE OR OFFICE SYMBOL S U B J E C T  

;TECS-21-?M 1 R e v i s i o n  o f  P h y s i c a l  T e s t  G i v i s i o n  Beport :;o. 8 6 - 3 - 4 4 .  
I ? ? e t a l l u r g i c a l  A n a l y s r s  of S~ecial Studv :C7 5 ' -2f ts  

O C h i e f ,  C l o s e  Cosbat  Systems c h i e f  , ! 4 a t e r i a l s  B r  OAT' 2 1  J a n  86 CMT 1 

Directorate 
ATT?7: L.  Ceaver 

.. I n  l i g h t  of f u r t h e r  i n f o m a t i o n  s u p p l i e d  t o  t h i s  o f f i c e  c o n c e r n i n g  t h e  S p e c i a l  Study 
)f t h e  M9 .Smored Combat Excava to r  (ACE), t h e  f i n a l  recornendat  i o n s  of Physical Tzst  D l v i s :  21- 

t e p o r t  No. 8 6 4 - 4 4  s h o u l d  be r ~ v i s e d .  Two i a p r o v e d  o u t p u t  t r a n s 3 1 s s i o n  s h a f t s  f r o 2  t h e  XCL' 
i e r e  t e s t e d .  l 3 e  h p r o v e m e n t s  i n c l u d e d  s h o t  peen ing  o f  t h c  s u r z a c e  o f  t h e  ; h a f t s  and  , nc r zzs  
a g  t h e  f i l l e t  rad;us of t h e  s p l i n e  r e g i o n  of t h e  s h a f t s .  The  i a p r s v e d  .;;:af:s had a ,;&n;i,- 
: an t  m p r o v e a e n t  f a t i g u e  l i f e .  I t  is : h e r e f o r e  a p p r o p r i a t e  t o  e larr ,a : t :  .:r .ie:ond 
' e c o m e n d a t i o n  of ?hy ; i ca l  T e s t  D i v i s i o n  Repor t  No. 86-M-44 wnich rea f l s  : ",: ; s recozLztenCed 
. h a t  f u r t h e r  t e s t i n g  c f  t h e  improved s h a f t  b e  i n s t i t u t e d  t o  a s c e r t a i n  t h e  r e l l a b i l i t j .  of t h e  
. e s i g n  c :hnges .  " 

I. Two a d d i t i o n a l  c o r r e c t i o n s  s h o u l d  b e  made a s  f o l l o w s :  

( a )  page  2 ,  XSULTS, p a r a  2 ,  l i n e  3 change: S b a f t  C 
t o :  S h a f t  A 

( b )  page 3 ,  CSCUSSiON OF IIESULTS, p a r s  2 ,  l i n e  2 change:  AISI  8322  
t ~ :  AISI 8640 

1 .  For  c l a r i f i c a t i o n ,  Appendix I, F i g u r e  7 ,  shou ld  he l a b e l e d  " S h a f t  A. " 
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