
Roller Contact Fatigue Study of 
Austempered Ductile Iron 

V. K. SHARMA 

Contact fatigue properties of austemperea nodular iron transformed at 230 "C to 
Rc 45-47 were evaluated using roller contact fatigue tests. At a given load, contact fatigue 
life of the austempered iron was 35 to 45 pet lower than carburized steel. Shot peening, 
performed using 1.168-mm diameter Rc 45-55 cast steel balls to Almert strip intensity of 
0.006 to 0.008 C ,  was not beneficial. An increase in the surface compressive residual 
stress introduced by shot peening was accompanied by su$ace roughening which lowered 
the fatigue life by detrimentally influencing the EHD film thickness. Stress induced white 
etching areas well known to develop in high carbon martensite were found to develop in 
bainitic microstructure also. 

INTRODUCTION 

The strength properties of quenched and tempered nodular 
iron are limited to approximately 690 MPa yield and 
900 MPa UTS with less than 2 pct elongation. Austempered 
nodular iron can provide yield strengths of 690 to 1175 MPa 
and tensile strengths of 970 to 1590 MPa with sufficient 
ductiiity for many critical applications. The properties of 
austempered nodular iron are greatly influenced by the tern- 
perature at which austenite is isothermally transformed to 
bainite. Depending on the isothermal transformation tem- 
perature, basically two types of bainitic nodular irons are 
presently used commercially. High tensile strength and 
resistance to abrasive wear are developed when austenite- 
to-bainite transformation takes place at a relatively low 
temperature, i .e . ,  210" to 235 "C. Austempering in the 
range of 350 to 400 "C is required to obtain maximum 
ductility and impact properties. 

Austernpered nodular iron used by GM for automotive 
rear axle hypoid pinion and ring gear applications is report- 
edly transformed at 235 "C for two hours. Austenitic- 
bainitic Kymenite-9805 nodular iron produced by Kymmene 

V. K.  SHARMA is with Truck Group Engineering International 
Harvester Company Fort Wayne. IN. Originally presented at the 
ASM Conference on Austernpered Ductile Iron, Chicago, IL, 
April 2-4, 1984. 

Hogfers of Finland is transformed at 350 "C.' This iron 
contains 20 to 50 pct retained austenite and ranges in hard- 
ness from Rc 29-35. In contrast, GM's bainitic nodular iron 
contains less than 10 pct retained austenite and has an appar- 
ent hardness of Rc 45-50. 

Presently, very limited information on the fatigue proper- 
ties of austempered ductile iron has been published. Data on 
the contact fatigue properties is especially sparse. Fatigue 
properties of the unalloyed iron used by GM for automotive 
rear axle hypoid pinion and ring gear applications are not 
available. However, unlike their previously used carburized 
steel gears, bainitic nodular iron gears at GM are shot 
peened with strict control in order to obtain comparable 
bending fatigue life. Fatigue properties of Kymenite-9805 
(austenitic-bainitic iron) have been studied in detail by 
Kyrnmene Hogfers Foundry. ' Limited four square gear tests 
conducted at International Harvester Company confirm ex- 
cellent properties claimed for the austenitic-bainitic nodular 
iron. The endurance ratio (fatigue limit in bending/ultimate 
tensile strength) for ductile iron is shown in Figure I.  The 
endurance ratios for the austenitic-bainitic iron is signifi- 
cantly higher for equivalent tensile strength quenched and 
tempered ductile iron. Fatigue limit for various gear mater- 
ials under Hertzian contact stress is shown in Figurc 2. At 
equivalent hardness, contact fatigue properties of austenitic- 
bainitic Kymenite-9805 ductile iron are significantly su- 
perior to quenched and tempered nodular iron, alloyed 
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Fig. I -Endurance ratio of nodular iron as function of its tensile strength 
and matrix microstructure. The data for ferritic, pearlitic, and martensitic 
iron taken from Gray and Ductile Iron Casting   and book^; data for bainitic 
iron taken from Reference 1 .  
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Fig. 2- Fatigue limit for various materials under Hertzian contact stress.' 

hardened and tempered steel or pearlitic nodular iron. The 
properties approach close to much harder alloyed case hard- 
ened steels. 

Among many failure modes in spur and helical gears, 
bending fatigue, scuffing, subsurface spalling, and surface 
pitting have been recognized as the four most frequently 
encountered. All of these failures are caused by metal fa- 
tigue. Although tooth breakage and spalling fatigue are 
sometimes experienced in heavy duty automotive gearing 
applications, the gear life is usually limited by surface or 
near-surface initiated pitting fatigue. To design against pit- 
ting, current design practice relies on the stress-life design 
curves developed by either gear testing or bench tests using 
a contact specimen which simulates the kinematics and lu- 
brication conditions occurring in gears. Contact fatigue data 
shown in Figure 2 is uscful but i t  does not provide I' 

information needed for designing gears. Before aus- 
tempered nodular iron can be seriously considered for appli- 

cations involving contact loads, the P-S-N curves for contact 
fatigue must be developed. The purpose of the present work 
is to obtain such data and compare the results with well- 
established stress-life design curves for carburized steel. 

TEST EQUIPMENT AND CONDITIONS 

The contact fatigue tests were conducted using geared roller 
test machines. These machines have previously been exten- 
sively used to develop materials and evaluate heat treat 
processes for carburized gears. Our past experience and 
published information indicates that pit identical to those 
formed in gears can be produced in these machines under 
certain sliding conditions. 

In the geared roller test machine, a 25.4-mm diameter 
uncrowned cylindrical test specimen is loaded by a 127-mm 
diameter load roller which has a 317.5-mm radius crown, 
see Figure 3. The test arrangement results in a narrow ellip- 
tical contact pattern vith a minor-to-major axis ratio of 0.1 I .  

The rollers are mounted on two parallel shafts which are 
supported by double row pressure lubricated bearings. The 
load is applied to the free end of the upper frame by a 
calibrated, strain-gaged tension rod through a pneumatically 
actuated system. The power input is through the lower shaft 
which contains the test specimen. The upper shaft, carrying 
the mating roller, is driven by the lower shaft through the 
phasing gears. Test can be conducted under essentially pure 
rolling conditions, or negative sliding can be produced on 

f ig.  3-Test and load rollers in the geared rollcr test machine Thc lo;d 
rollcr is 127 tnm in diamctcr and has a 317.5-mnl radiuh crown. Tlic 
? 5 . h l n l  diameter lest rollcr ih  not crowncd. 
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the test roller by changing the phasing gear ratio. The test 
roller is driven at 1330 rpm. Axial movement of the test 
roller is minimized by compressing a flexible coupling on 
the shaft containing the test roller. 
i he test assembly is housed in a controlled temperature 

oil reservoir. A suitable csntid system Js available to adjust 
the lubricant sump temperature up to 105 "C. The lubricant 
is continuously filtered as it is pumped and circulated to the 
bearings, phasing gears, and test rollers. 

Tests were conducted at a calculated Hertz stress ranging 
from 1240 to 1889 MPa. A phasing gear ratio of 3.5 was 
used to induce a negative sliding ratio of 0.35 for the test 
roller. The bulk lubricant temperature was maintained at 
85 + 2.5 "C and was filtered with a 20 pm rated filter. 
AMOCO multi-purpose gear oil was used as lubricant. Trac- 
tion coefficient and specimen surface temperatures were not 
measured because of equipment limitations. Failure was 
defined as having occurred when a macropit approximately 
6 X 5 mm was formed. 

MATERIAL AND PROCESSING 

SAE ductile iron D-4018 with 0.3 pct Mo and 1.5 pct Ni 
was used in the studies. Test and mating rollers were ma- 
chined from sand cast bars or continuous cast bars. Typical 
composition is given in Table 1. 

The test surface of the 25.4-mm roller specimen was 
finish ground to 0 .4  p m  Ra maximum prior to aus- 
tempering. The 127-mm diameter load roller had a 
317.5 mm crown radius generated on the contact surface 
after heat treating. Heat treating consisted of austenitizing at 
900 "C for 2.5 hours, quenching in 230 "C oil for four 
hours, and then air cooling to room temperature. 

A majority of the test work was performed with the load 
and the test roller surfaces shot peened to Almen strip in- 
tensity of 0.006 to 0.008 C using 1.168-mm diameter 
Rc 45-55, cast steel balls. The samples had 200 pct shot 
peening coverage. The surface finish after shot peening was 
1.75 to 2.5 pm Ra. Two tests were conducted after grinding 
the shot peened surface to a surface finish of 0.4 to 0.5 pm 
Ra. Approximately 0.025-mm deep surface layer was re- 
moved diametrically during the grinding process. Addi- 
tional five tests were performed with the test and load roller 

Table I. Typlcal Chemical Composltlon 

Pct 

C: 3.7 
Mn: 0.26 
Si: 2.4 
Mo: 0.3 
Ni: 1.5 

P: 0.026 
S: 0.009 
Cr: 0.06 
Cu: 0.04 
Mg: 0.024 

surfaces in the as-ground and heat treated condition, having 
a surface finish of 0.1 to 0.2 p n  Ra. Representative pitted 
rollers were sectioned and metallographically examined to 
elucidate the mechanism governing contact fatigue in aus- 
tempered nodular iron. 

RESULTS AND DISCUSSION 

Microstructure 

The microstructure of austempered nodular iron is shown in 
Figure 4. The nodular count in sand cast and continuous cast 
bars was essentially similar, i .e . ,  260 nodules per mm2 and 
245 nodules per mm2, respectively. The microstructure con- 
sisted of accicular bainite, retained austenite and nodules of 
graphite. In addition, all specimens showed small amounts 
of carbides, martensite and porosity scattered uniformly 
throughout the microstructure. 

Residual stress and the amount of retained austenite were 
measured on the test surface before and after shot peening 
using X-ray diffraction techniques. The measurements were 
performed at the center of the 25.4-mm diameter test area in 
the circumferential and axial directions. The results given 
in Table I1 show that shot peening reduced the amount of 
retained austenite and introduced significant compressive 
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Fig. 4-Microstructures of bainitic nocluli~r iron. *liy n~icro\rruc[~,rc u11- 

clchcd: bottom microstructure ctchctl with 2 pct nit;~l. 
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Table 11. Resldual S t r e s s  And Retalned Austenlte 

As Heat Treated Shot Peened 

Direction 
I-in. diameter RA R.stress RA R,stress 

sample Pct MPa Pct MPa 

Circumferential 19 + 48 8 -495 
longitudinal 19 -62 8 - 640 

Table Ill. Typlcal Tensile Propertlee 
- - - -- -p 

Ultimate: 1485 MPa 
Yield: 1205 MPa 
Elongation: 1.5 Pct 
R A: 2.0 Pct 
Hardness: 45.0 Rc 

residual stress at the surface. As heat treated surface had 
tensile residual stress. 

Table 111 shows typical tensile properties. Macrohardness 
of all test specimens was in the range of 45-47 Rc with a 
matrix microhardness of 53-56 Rc. 

Contact Fatigue 

Roller contact fatigue test results (Table 1V) are plotted in 
Figures 5 to 7. The L50 curve for carburized steel is in- 
cluded for comparison. The curve for carburized steel is 
taken from data generated in our laboratory over several 
years of testing. Notice that the data plotted as load-life 

curves provide more meaningful comparison of the pitting 
characteristics of the material than the stress-life (Figure 5) 
plot. In addition to the load and geometry, the magnitude 
of contact stress depends on the modulus of elasticity and 
Poisson's ratio for the two bodies. Because of approximately 
30 pct lower modulus of elasticity, for the same load, maxi- 
mum compressive stress developed in the austempered nod- 
ular iron test roller is significantly lower than the stresses 
developed in carburized steel. The stress-life plot, therefore, 
inadvertantly tends to underrate the performance of lower 
modulus materials. Since the prin~ary function of a gear 
assembly is to transmit load, pitting fatigue behavior of 
various materials having different modulus of elasticity 
should be compared on the basis of load-life plots, Figure 6. 

A significant amount of wear was observed on all shot 
peened samples. Typical test tracks are shown in Figure 8. 
Approximately 0.075-mm deep wear track was formed in 
shot peened test rollers. When tests were performed after 
grinding the shot peened surfaces to a surface finish of 0.4 
to 0.5 pm or with the test and load roller surfaces in as- 
ground and heat treated condition (0.1 to 0.2 pm Ra), no 
significant amount of wear was noticed in the test tracks. 
Typical surface finishes of test rollers before and after test- 
ing are shown in Figure 9. The surface finish of shot peened 
samples improved from 1.75 to 2.5 pm to 0.6 to 0.8 pm 
after testing. On the contrary, test surface of as-ground and 
heat treated samples showed surface roughening. Obviously 
different lubricating conditions were operative in the two 
sets of samples. 

The results in Figure 7 indicate that, at a given load, 
contact fatigue life of austempered nodular iron transformed 
at 230 "C to 45-47 Rc is 35 to 45 pct lower than carburized 
steel. Shot peening, done as per the specification described 

- - - -- - - -- - - 

Table 1V. Roller Contact Fatlgue Test Results 

Test No. 

- 

Load, Kg. 

- - -  

Cycles 
in Millions Roller Surface Condition 

Shot Peened- 1.75 to 2.5 pm Ra 
Shot Peened- 1.75 to 2.5 pm Ra 
Shot Peened-1.75 to 2.5 pm Ra 
Shot Peened- 1.75 to 2.5 pm Ra 
Shot Peened-1.75 to 2.5 pm Ra 
Shot Peened- 1.75 to 2.5 pm Ra 
Shot Peened-1.75 to 2.5 pm Ra 
Shot Peened- 1.75 to 2.5 pm Ra 
Shot Peened- 1.75 to 2.5 pm Ra 
Shot Peened-1.75 to 2.5 pm Ra 
Peened & Ground-0.4 to 0.5 pm Ra 
Peened & Ground-0.4 to 0.5 pm Ra 
Ground-0.1 to 0.2 pm Ra 
Ground-0.1 to 0.2 pm Ra 
Ground-0. I to 0.2 pm Ra 
Ground-0.1 to 0.2 pm Ra 
Ground-0. l to 0.2 prn Ra 
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PEENED GROUND TO 
15-20 RFlS 
GROUND PRIOR TO HEAT 
TREATMENT 4-8 RMS 
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LIFE, M I L L I O N  CYCLES 
Fig. 7-Load-life contact fatigue curves for austempered ductile iron in as heat treated and shot peened surface conditions. 
Austempered ductile iron transformed at 230°C. The Ls, curve for carburized steel is included for comparison. 

earlier, was detrimental. It is postulated that an increase in 
the surface compressive residual stress by shot peening is 
accompanied by surface roughening which lowers the fa- 
tigue life resistance by adversely influencing the EHD film 
thickness. Obviously, additional work is needed to fully 
understand the effect of shot peening on contact fatigue 
properties of bainitic nodular iron. With a proper selection 
of shot peening parameters, it should be possible to intro- 
duce compressive residual stress without significantly dam- 
aging the surface such that the net effect will be beneficial. 
In principal, the presence of compressive residual stresses 
should retard the initiation and propagation of fatigue cracks 
and, therefore, improve contact fatigue properties. Suf- 
ficient tests were not conducted to determine if the detri- 
mental effect of shot cleaning can be eliminated by grinding 
the shot peened surface to 0.4 to 0.5 pm Ra. 

Pit Formation Process 

Although considerable progress has been made in the last 
two decades toward understanding the mechanism of sur- 
face pit formation in gears, i t  is yet not completely under- 
stood. The phenomenon is obviously complex because in 
addition to the bulk material properties and surface metal- 
lurgy. the pitting life is affected by several other factors, 
including sliding velocity, lubricating conditions, surfacc 

roughness, temperature of operation, load magnitude, mate- 
rial impurities, residual stress, etc. The actual failure mode 
in a given case is a function of the relative detrimental 
influence of these various factors as they interact with one 
another."ccordingly, current design approaches for gear 
systems rely almost exclusively on past practice and ernpir- 
ical approaches. 

The results of the present study support findings of a 
detailed investigation conducted recently at International 
Harvester and Northwestern University under the spon- 
sclrship of NSF.'.' The study involved the development of an 
analytical and phenomenological mddel to explain the for- 
mation of pits in carburized roller test specimens. It was 
found that transverse microcracks, which eventually propa- 
gate to become macropits, are present as early as 5 pct of the 
total life. Metallographic examination of the microstructure 
in the microcracked area revecled the presence of a thin 
(0.8 pm) layer of dark etching microstructural alterations 
on the surface and a wider band of alterations in the interior. 
The two dark etching zones were separated by approxi- 
mately 100-pm thick "quiescent layer" free of miclo- 
structural alterations. The dark etching alterations are 
indicative of the early stage breakdown of ~nartcnsitic 
microstructure, which occurs at a threshold cyclic sheitr 
stress of about 720 MPa.' The presence of il band free of 
n~icrostructurd alterations t s  tndici~tive of 3 lowr  strcss 
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SHOT PEENED 

AS HEAT TREATED 

Fig. 9-Typical surfircc roughness of tcst rollers bcli)re and iiticr testing. 

Fig. 8-Vicw of typical tcst tracks f o n d  in the test mllcn. Approxi- 
mately 0.075-rnrn k p  wear track was formed in the s h o ~  pecncd swi- 
mens (top). Rollcrs with as-gmld surfxe s h o w 4  no significant w c u  
(boctorn). 

zone postulated by Tallian' to explain arrest of surface 
cracks in contact fatigue. In the NSF study, near-surface 
non-metallic inclusions werc shown to assist the propaga- 
tion of microcricks from the surface through this "quiescent 
layer". The microstructural observations wcre substantiated 
by analytical strcss calculations which included h ~ h  asper- 
ity interictions and bulk stress effects. 

Figurc 10 shows a typical vicw of the pit fornicd in a 
bainitic nodular iron tcst roller after 3.06 million cycles at 
a contact stress of 1730 MPa. Similar to the NSF study on 
carburizcd steel, microcracks and niicropits werc found to 
form on the test surface early during the tcsts. Thew small 
pits ultimately link together to forni a large spall. Selected 
rollers wcre sectioned and metallographically examined to 
further comprehend the pit formation process in bainitic 
nodular iron. Typical photomicrographs arc shown in 
Figures I I to 13. With the exczption of the niicrtwiicks 
right at the extreme surfrcc (Figure I I ), 111osl othcr cracks 

were associated with graphite nodules, porosity or dross. 
Higher stress concentration existing at the edges of non- 
spherical graphite nodules or defects assist initiation of 
cracks. These cracks grow to form crack links between the 
nodules and a pit is formed. Since graphite ntnlulcs and 
other defects serve as sites for primary cracks leading to the 
pit formation. contact fitiguc properties of nodular iron can 
be expected to be strongly influenced by the nodular count. 
spheroidicity of graphite nodules and porosity. 

Numerous subsurface cracks arc developed even when 
the surface shows no gross ~nacroscopic degradation. Al- 
though micrcxrdcks werc present as much as 350 pnl below 
the surface, the crack density was highest in a narrow band 
located approximately 175 p n i  below the surface 
(Figurc 12). This hand corresponds to the peak in shear 
stresses. Unlike the carburized steel rollers, a distinct 
"quiescent layer" coniplctely frce of nlicrrwricks was not 
seen in the hainitic nodular iron tcst rollers. Lower density 
of microcracks in a zonc starting slightly below the surface 
to a depth of approximately 175 pm. however. is indicative 
of a lower stress zone. Siniilar to the role played by inclu- 
sions in carburired steel. paphitc nodular or other det'ec~s in 
this area provide a means for linking cracks from the surf;~cc 
to the high shear stress zone. The presence of tiunicrcius 
uoifomily distributed graphite ncxfulcs throughout the ma- 
trix tilakes it relatively cihsy for cracks to bridpc hc.t\vccn the 
high density suhsurlircc niicrc~ritck i1rc.a iind surfi~cc. 'This 
accounts for the lotver cotitact fatiguc propc'rties of aus- 
tcnipcred nodular iron as conqxmxl to citrhuriml ~rccl.  

White etching microstructural alterarions. gcomctrically 
shapcd like "buttcrllics." arc well known to Jcvclop \$hen 
high cnrhon martcnsitic steel is cyclic.ally 5trcwd uridc: 
contact load%. Thcsc "huttcrtlics" arc usually alrlroc.i:ttcd 
with hard ositles. silicate or nitridc inclulrions. I t  ih  ~cncrally 
tliought that the "huttcrllics" do not limi itround lrol't tii;1i1- 

gnncsc sulphidc inclusions. 'fhcsc "hutrcrllics" h;tvc hecn 



Fig. I I -Photomicrograph (unerched) shows develonmcnt of micnmacks 
at and near the surface. With the exception of ~ h ;  rnicrcxracks at the 
extreme surface, all other crack\ arc associared with ncwlulcs or del'ccts. 

Fig. I?- Pho~oniicmprsph (unctchcd) s h o ~ s  nuniemus microcracks con- 
centritcd in a band in proninrity of the highcat shear stwswr. 

identified to consist of ultrafine grained ferrite and carbide 
formed as a result of stress-induced transfom~ation of mar- 
tensite.' Figure 13 shows that a sin~ilar phenomenon is op- 
erative in bainitic nodular iron dso. White etching structural 
altcrations were found to form around graphite noduirs. 
carbides. porosity and other high stress concenwation sites. 
Similar to the microcracks (Figure 12). the density ol' 
"butterflies" increased in the vicinity of highcst shcar stress 
zone. A dark ctchinp region was obsen'cd near the cxtrcnw . - 

Fig. I O -  Pit timustion in huinitic trrtnlulsr iron test roller. 'Top photo- surface only. All "butterflies" appar  to contain cracks. This 
niioropraph shows untcatcd allot pcctlcd ~urficc.  S111sll pit> link together tends to confirnl the Ibrtnation mechanism proposed by 
(middle pholomicrogrsph) It) f w n  tilain apsll ahown in rhc ktttotl~ ~ ~ ~ k ~ ~ 7  according to which inclusions in contr,butc to phoronlicrograph. 

early crack Ibrtnation which act as sevcrc: strcss concen- 
tration site resulting in a strcss-induced transfhrrncltion of 
niartcnsite-to-Semite. 
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Fig. 13-Photomicrograph shows white etching "butterflies" formed principally around the nodules in bainitic nodular iron. The density of "buttcrtl~es" 
increased in the vicinity of the highest shear stress zone. 

CONCLUSIONS 

At a given load, contact fatigue life of austempered 
nodular iron austempered at 230 "C to Rc 45-47 is 
35 to 45 pct lowe; than 58-62 Rc carburized steel. 
Shot peening parameters, particularly the shot hard- 
ness, must be chosen carefully to avoid excessive 
surface roughening. Otherwise it can result in re- 
duced contact fatigue by detrimentally influencing 
the EHD film thickness. 

0 Contact stress induced white etching microstructural 
alterations, well known to occur in high carbon mar- 
tensite around hard oxides, silicates and nitride in- 
ciusions, were found to develop in bainitic micro- 
structure also. In austempered nodular iron, white 
etching "butterflies" are formed around nodules, po- 
rosity, dross and other defects. 
Contact fatigue life of austempered nodular iron is 
strongly influenced by the spheroidicity of graphite 
nodules, their size and distribution, porosity, and the 
amount of non-metallic inclusions. 
Additional research and experimentation is needed 
to develop engineering design data to facilitate rapid 
and reliable utilization of' austcmpered nodular iron 
for new engineering applications. 
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