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Abstract. In this article the statical and cyclical strength investigations of austempered ductile cast iron (ADI) are
presented. ADI material becomes more and more popular. Ductile iron is lighter than steel and its mechanical properties
are better. ADI has good resistance to fatigue, high tensile strength, toughness and ductility. The fatigue crack initiation
generally occurs in the graphite matrix. In the work the kinetic fatigue diagrams, longevity distributions laws and the

mathematical model of crack growth ratio are described.

The blanks of material were cut from a tooth of gear. Structure of the material consists of bainite and spherical graphite.
The mechanical properties of ADI were obtained with assessment of chemical composition. The determined statical
mechanical properties of two different ADI materials are presented. The compact specimen was produced in order to
determine a threshold stress intensity factor. According to the investigations the stress intensity factor (threshold) is
AK, =98 MPavVm for the ADI 6.2.02 and AK, = 8,6 MPavVm for the ADI 9.4.02. The carried out investigations are
insufficient for the complete evaluation of austempered ductile iron for the production of transport equipment elements.
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1. Introduction

Assurance of longer service life and increase of re-
liability both for machinery used in transport sectors and
for various constructions are associated with many fac-
tors making their impact on limit states and playing a
decisive role in defining the strength of separate mem-
bers of a structure as well as of the structure, as a whole.
Malfunctioning of such objects is usually accompanied
by the necessity to put the machinery to a standstill, to
evaluate the threat of emergency more realistically and
to be ready to face prominent material losses. Malfunc-
tioning, the occurrence that still takes place in a manu-
facturing process proves that the design, production and
maintenance procedures are, unfortunately, imperfect.
While determining or specifying the resource of poten-
tially dangerous objects that are either in the design or
operation stage, the assurance of appropriate strength to
every element thereof by making a multilateral use of
material properties is crucial.

Austempered ductile iron becomes more popular
in the production of various dimensions transport ma-
chines. The development of this material includes chemi-
cal composition and structure modeling in the produc-

tion process, static mechanical and cyclic features re-
search of made material.

The literary review on the research of austempered
ductile iron and the applications of ductile iron for trans-
port machine elements is presented in [1 — 15].

Ductile iron is 10 % lighter than steel. It is easily
cast into complex shapes. When subjected to specially
designed austempered heat treatment, it can exhibit re-
markable properties. The available grades of ADI and
their minimum properties are outlined in ASTM 897-90,
ASTM 897M-90 and are shown in Table 1. Fig 1 shows
the typical properties of commercial austempered duc-
tile iron.

Ductile cast irons have superior mechanical prop-
erties to conventional cast irons due to the nodular shape
of the graphite. The matrix of cast irons can vary from
ferritic to fully pearlitic, and can be modified by heat
treatment such as austempering. Austempered ductile iron
(ADI) has an ausferrite matrix of bainite and retained
austenite. They have good resistance to fatigue and wear
and possess a combination of high tensile strength, tough-
ness and ductility. Typical applications include crank-
shafts and large gears in transport and lifting applica-
tions in which resistance to fatigue failure is required.
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Table 1. Current ASTM A897

Tensile Strength Yield Strength Percent Elongation | Charpy (unnotched) | BHN Hardness Range

(KSI) (MPa) (KSI) (MPa) (%) (ft.-b.) @)

125 850 80 550 10 75 100 269 - 321

150 1050 100 700 7 60 80 302 - 363

175 1200 125 850 4 45 60 341 - 444

200 1400 155 1100 1 25 35 388 - 477

230 1600 185 1300 * * * 444 - 555

250 1700 eventually cease to propagate and are stable. In material

MPa

200 1380
150 //;// 1035
100 690
) % »

| | | [ | | | | | | |
290 307 324 342 358 376 394 413 430 448 465 485 500 BHN

ksi. %, ft-1b

Fig 1. Typical properties of ADI as a function of Brinell hard-
ness BHN: [1 — Tensile Strength (ksi); & — Yield Strength (ksi);
O — % Elongation (divided by 10); A — Un-notched Charpy
Impact (ft-1bs.)

The maximum fatigue resistance in ductile irons
occurs at intermediate strength. This coincides with in-
creased ductility due to a maximum of retained austenite
obtained in austempered materials.

Fatigue crack initiation in ductile irons generally
occurs at the graphite nodule/matrix interface due to the
weak interface bond and the low graphite stiffness. How-
ever, crack initiation may also occur at other nonmetal-
lic inclusions and micro — shrinkage porosity.

The fatigue limit in austempered ductile cast
irons increases with both the retained austenite content
and the carbon content of the retained austenite. The
mechanism is not known, but it has been suggested that
the retained austenite affects crack initiation or propaga-
tion through either cyclic strain hardening or martensitic
transformation. It has also been found that higher
austenisation temperatures decrease the fatigue limit of
austempered ductile irons.

The fatigue ¢ — N curve (cyclic stress versus the
number of cyclic to failure) is commonly used to access
fatigue resistance. In a material which does not have an
infinite life fatigue limit, the safe — life fatigue limit or
endurance limit is typically the stress for the life of 109
or 107 cycles. In general, the initiation of fatigue cracks
is effectively instantaneous in most materials in high cycle
fatigue. The crack nucleus grows very rapidly after ini-
tiation and then decelerates due to its interaction with
microstructure barriers such as grain boundaries or hard
phases such as pearlite. Below the fatigue limit the cracks

with a fatigue endurance limit all initiated cracks may
not arrest, although propagation rates may become very
slow in the vicinity of microstructure barriers.

This behavior is typical of microstructure short
cracks, which have a size of the same order as the spac-
ing of microstructure barriers. Longer cracks can be in-
fluenced by the microstructure in the physical short crack
regime. The cracks propagate in a discontinuous man-
ner, decelerating at microstructure barriers. The interac-
tion with microstructure decreases as the crack grows,
and its behavior as a long crack becomes treatable using
Elastic-Plastic (EPFM) and Linear Elastic (LEFM) frac-
ture mechanics continuum models.

2. Analysis of Cyclic Strength Calculation

The material strength to cyclic crack propagation is
one of the most critical factors defining the suitability of
the latter under the effect of cyclic loads. Kinetic fatigue
diagrams in logarithmic axes: i.e., stress intensity factor
(maximum K _or its variation interval AK) and the crack
growth v, have been developed based on experimental
test results. Typical fatigue crack growth behavior in
metals is shown in Fig 2.

They are intended to define the material strength to
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Fig 2. Typical fatigue crack growth behavior in metals: I, II, IIT
— regions of the curve; 1 — small crack, 2 — sigmoidal curve
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crack propagation under cyclic loading conditions. The
indicators of the crack propagation strength are the ma-
jor parameters of the kinetic fatigue diagrams.

The formula below is a general expression of the
kinetic fatigue diagram encompassing all three its con-
stituents:

v=10"[Fak)ak"]",

* o
AK —AK -
AK, [——i} (AK};, < AK < AK)),
AK, —AK},

where F(AK)=<AK (AK; € AK < AK5),

(1-)K 1 AK, ~1

Mz{(l—r)K;c/AKz—l
a=1-aKj /Ky, B=1-aK,/[a-nKG ] o)

where AK, and AK, are the origin of the straight portion
of the diagram; K*fc stands for a conventional critical
stress intensity factor; AK*th represents a physical
threshold intensity factor.

The linear part (region II) of the kinetic fatigue
curves, i.e. the second stage (according to the methodol-
ogy adopted in fracture mechanics) can be described by
means of a well-known P. Paris equation:

dh n

N C(AK) ™ V)

From the engineering point of view it is not always
necessary to have a kinetic fatigue diagram. The indica-
tor DK,, is very important for the structural defective
elements.

The theoretical and experimental research of crack
propagation shows that the limit stress intensity factor
value is the increase, when material strength and yield
decrease, when the dimension of little grain increases
and it depends on the surrounding influence. Only the
parameters, which can be established on the exploitation
detail are of the size of a crack. The loading condition
and the size of a crack are factors which decisived the
longevity of a detail.

The design longevity of many presently operating
devices has finished or is drawing to an end. Determin-
ing the remaining longevity is an important factor for
assuring the safety of operating objects. The diagram of
the longevity distribution of construction elements with
defects is shown in Fig 3. Excluding non allowable op-

B
} (BKy <AK <(1-1)BK ),

erational states, the allowable size of the crack may be as
follows:

hadm max = hadm > hd adm » (3)

where s, is the operational marginal size of the crack
which must never be exceeded because the component
may break.; &, is the allowable control size of the crack
determined by non-distrusting control methods; 7, is
the marginal size of the non-propagating crack (the
present crack does not propagate under operational
loading).

Making use of the obtained dependencies of crack
propagation it is possible the determine the duration of
operation. The longevity of the construction elements
from the initial value %, to the critical magnitude %, (it
might reach the allowable regulating value) is determined
by the number of cycles N. The relation between load-
ing, the defect size and the change in the stress intensity
ratio can be described by the following equation:

AK, = Ao g - hf (D), 4

where f{l) is the function depending on the shape of the
crack and the geometry of specimen; AGp is endurance
limit.

By means of the P. Paris equation we obtain the fol-
lowing:

h

¢ dh
N=| —. )
nClaogyan) F)
After integrating the above equation, one can cal-

culate after what number of cycles the crack will reach a
critical size:

2 1 1
N= a2 n (=212, (n-2)/2 [(6)
n=-2)C[fD]"'“Ac ho h;
The minimum size of the crack to which the laws of
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Fig 3. Diagram of longevity distribution
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linear fracture mechanics can be applied, may be calcu-
lated from the following equation:

]2,

where a is a geometrical parameter.

@

lo=

a AKth
T AGR

3. Experimental tests

Experimental investigation was fulfilled in the Labo-
ratory of Strength Mechanics at Vilnius Gediminas Tech-
nical University using a set of testing machines to pro-
duce static and cyclic loading effects. All the experiments
were carried out using the experimental investigation
systems developed by the authors themselves. The me-
chanical equipment to effect cyclic loading was labo-
ratory-made. The experiment planning and processing
theory was adapted to suit the unique testing procedure
and the experimental investigation results.

The mechanical properties, structure, hardness of
ADI materials are assessed by chemical composition
and heat treatment. Chemical composition of austempered

165

ductile iron ADI 6.2.02 and ADI 9.4.02 is presented in
Table 2 and Table 3.

The cutup schemes of specimens from ADI 6.2.02
and ADI 9.4.02 are shown in Figure 4 and Figure 5. The
original product had the form of a tooth gear.

Statical mechanical properties of ADI 6.2.02 and
ADI 9.4.02 are presented in Table 4 and Table 5.

__298

Fig 4. Scheme of the compact specimens places in the sample

ADI 9.4.02
Table 2. Chemical analysis of ADI 6.2.02
C Si S Mn | Cr Sn P Mg | Ni Cu Ti \Y Mo | Al Pb Fe
% % % % % % % % % % % % % % % %
3.61 | 2.22 | 0.008 | 0.351| 0.032 | 0.008 | 0.015 | 0.064 | 1.968 | 0.805 | 0.011 | 0.013 | 0.395 | 0.008 | 0.005 |90.482
Table 3. Chemical analysis of ADI 9.4.02
C Si S Mn | Cr Sn P Mg | Ni Cu Ti \Y Mo | Al Pb Fe
% % % % % % % % % % % % % % % %
350 { 2.24 | 0.011] 0.353 | 0.031| 0.009 | 0.016 | 0.064| 0,2 | 0.799| 0.011 | 0.014 | 0.407 | 0.008 | 0.005 |92.242
Table 4. Mechanical properties of ADI 6.2.02
: " Original . . Percentage | Percentage
Specimen Initial Proportion-|  Proof Tensile |Modulus of : :
mark diameter 1%;‘;%}? al stress strength strength elasticity redu;rtéc;n of thofrﬁs&(;g
d, L, R R, R E Z A,
mm mm MPa MPa MPa GPa % %
ADI-121 7.99 30 535 699 934 145 3.5 4.7
ADI-122 7.99 30 528 705 918 144 4.0 4.3
ADI-151 7.99 30 539 701 926 145 4.2 4.3
ADI-152 7.99 30 538 703 952 145 4.7 5.7
Table 5. Mechanical properties of ADI 9.4.02
: s Original . . Percentage | Percentage
Specimen Initial Proportion- Proof Tensile | Modulus of : :
mark diameter é?llé%ﬁ al stress strength strength elasticity redu:rté(;n of ;eiltofrggzglorg
d, L, R R, R E Z A,
mm mm MPa MPa MPa GPa % %
ADI-21 7.99 30 597 834 1077 145 9.8 11.2
ADI-22 7.99 30 617 881 1069 142 11.4 11.8
ADI-51 7.98 30 593 841 1034 144 8.1 8.9
ADI-52 7.99 30 594 845 1046 145 9.3 10.7
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Fig 5. Scheme of the compact specimens places in the
sample ADI 6.2.02

The tensile specimens and the compact specimens
were used for structure investigation. The structure con-
sists of bainite and spherical graphite.

The Brinell hardness of compact tension specimens
was measured and the difference in hardness was ob-
served: BHN = 300 — 311 for ADI 6.2.02 and BHN =
313 — 323 for ADI 9.4.02.

Compact specimen CT (Fig 6) has been produced
in order to determine a threshold stress intensity factor
DK,,. The work procedure is as follows: the crack in the
notch of the specimen under cyclic loading grows to reach
0.5 -1 mm. Then the external load was reduced down
by at least 10 %; thereafter, the crack is again cyclically
grown to reach the aforementioned level and again, the
external load is lowered down. Such regular actions in
terms of crack growth and load reduction help to reach
the limit when, within 107 cycles, crack growth is no
longer observed by measurement means. The experimen-
tal tests have been conducted in compliance with the re-
quirements (as regards loading conditions, the size of the
crack and its measurement mode) established for the work
procedure.

Fig 6. Compact tension specimen (B=25 mm)

The calculation of AK was made to the parameters
used in the fracturing process that was derived, when
testing the compact tension specimens, formulas for cal-
culations according to ASTME 647-93 and recommen-
dations [4].

Stress intensity factor is:
K=(F/BW1/2)-f(h), A=alW,
FO =l eny =032} 0.866 +4.642 @
133222 +14.7223 —5.60).
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Fig 7. The growth of fatigue crack in specimens from ADI
9.4.02 materials: ® -1, -3,V -4,0-6,0-7
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Fig 8. The growth of fatigue crack in specimens from ADI
6.2.02 materials: ® - 13, A - 14, -16,0-17
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Stress intensity factorrange is: AK=K, —K . and
stressratioR=F . /F =K ./K . whereK andK
is the minimum and the maximum stress intensity factor
in the cycle of loading.

Fig 7 and Fig 8 represent the relationship between

stress intensity factor range AK and crack growth ratio.

4. Conclusions

1. The results of mechanical properties investiga-
tion show, that the austempered ductile iron ADI 6.2.02
with larger quantity of nickel is less plastic than the
austempered ductile iron ADI 9.4.02. The Brinell hard-
ness of ADI 6.2.02 is BHN=300-311 and ADI19.4.02 is
BHN=313 — 323.

2. The investigations of structure show, that struc-
ture is stable and fractionally changed on the crest of
compact tension specimen notch.

3. According to the investigations the stress inten-
sity factor (threshold) is AK,, = 9,8 MPaVm for the ADI
6.2.02 and AK,, = 8,6 MPavm for the ADI 9.4.02.

4. The stress intensity factor AK,, of the specimens
CT which are cut in the apex of a gear tooth is larger than
the intensity factor of the CT which are cut 80 mm from
the apex of a gear tooth.

5. The analysis of crack formation and the view of
breaks show that a crack springs up in nearly all of the
notches edges of compact specimens and spreads
cornerwise.

6. Carried out investigations are insufficient for
the complete evaluation of austempered ductile iron ADI
6.2.02 and austempered ductile iron ADI 9.4.02 suit-
ability for the production of transport equipment ele-
ments.
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