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High-cyclic failure analysis of welded cast iron plates
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1. Introduction

None of any known techniques of welding guar-
anties a welded joint without a defect. The regulated sizes
of defects are conditional. If a defect is found during a con-
trol or service exceeds the normal size, often a doubt arises
whether to reject it or after performing some calculations
to make clear that the crack appeared during operation
does not cause the structural element critical state — failure
[1-3].

The type of welded joint, selected at the design
stage causes the development of stress concentrators,
which can be supplemented by some technological defects.
Structural and technological concentrators during operation
are agents stimulating beginning of the failure [3-13].

The weld material of the joint should be of a uni-
form or increased strength than the base metal. However,
during operation under the influence of cyclic stresses, the
concept of uniform or larger strength condition changes
and origins of cracks may be developed at the surface ir-
regularities or of welding defects in weld material or in the
heat affected zone.

In mining industry, some large elements are cast
of cast iron and welded together then. The composition of
base metal and weld material are different [8].

2. Testing procedures

Two cast iron plates are prepared in such a way
that they should make a butt joint with double —V shape
weld. The experimental part in the vicinity of the weld
material is treated by an abrasive disc in the same way, as
in a real structure. When doing in this way, some scratch-
ing remains, namely, concentrations. In joining places and
supporting point fields, these places are grinded. The sam-
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ple is pushed lengthwise up to 5 mm in order to diminish
the contact influence between the plate and supporting
rollers, as shown in Fig. 1.

The chemical composition of the base metal: C-
3.64%, Si-1.90%, Mn-0.35%, Mo-0.03%, Cu-0.210%, Cr-
0.071% and the weld: C-0.08%, Si-0.46%, Mn-0.65%,
Mo-0.03%, Cu-0.025%, Cr-0.011%.

The static mechanical properties were determined
from cylindrical tensile specimens (dp = 8.00 mm;
Ly=30.0 mm) from base metal (cast iron): conditional
yield stress R, =490 -500 MPa, ultimate strength
R,, =817 MPa, elasticity module £ =175 GPa, elongation
A =2.13%, reduction in area Z=4.94% and the weld: up-
per yield stress R,y =408 - 469 MPa, lower yield stress
R, =392 -440 MPa, R,, =529 MPa, E =209 GPa,
A=252%,7Z==159.4%.

The hardness of weld metal (147-179 HB) is less
about 1.5 times than it is of base metal (225-261 HB) and
less about 1.8 times of heat affected zone (268-309 HB).

An experimental investigation of the resistance to
the high-cyclic loading is performed by the loading
scheme, as shown in Fig. 1. The history of the program
loading is shown in Fig. 2. It is interesting that under the
stress G = 42.8 MPa, o, = -26.2 MPa (cycle asymmetry
r=-0.62) the specimen passed 100 million cycles in
150 MPa stress change interval, but the initial cracking
was not fixed. This loading history corresponds to the real
loading of structure elements. By a periodical stopping the
machine, the nondestructive inspection of the investigated
part was performed by luminescent, optical and ultrasonic
methods. Some crack origins, i.e. the development of the
defectoscopy picture, was detected at Ao =120 MPa. The
development of crack origin was fixed after 130 million
cycles in 150 MPa stress change interval.
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Fig. 1 The loading scheme of the specimen
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Fig. 3 presents the microstructure of welded joint

(with no etching) in heat affected zone when crossing from
weld metal to the main one. Spheroid graphite can be dis-
tinguished there. When approaching the weld metal, it can
be seen that the graphite shape and quantity change: beside
a spheroid graphite there appears the field of small graphite
and the remained graphite acquires the shape of flakes.
Fig. 4 shows the structure of weld metal (carbon steel) and
the base metal (cast iron) after etching. Here we can also
see different derivatives in the heat affected zone, the
graphite of spherical and flake-shapes in a ferrite-pearlite
matrix and even graphite chains with a small dross layer.
The irregularity of the graphite inclusions and the change
in their shape also change the mechanical properties, and
N, all this influence the resistance to cyclic loading. The me-

r?ln cycle tallic base of the basic metal consists of ferritic-pearlitic

\
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4 & 100 120 140 structure. By the chemical composition, mechanical prop-
20 46 ﬂﬂ erties and the structure it is possible to establish, that the

- A1 plates are made of a strong cast iron. Such an iron is quite
-40 plastic, tensile, resistant to impact loading and easy welded
s - after selecting a proper technology and a material for elec-
-60 : trodes. Testing of such a connection for cyclic loading ac-
cording to the programme coordinated with real structural
element operational loading, when the number of cycles
exceeds 10% is necessary for ensuring the longevity for the
Fig. 2 Loading history diagram exploited and being designed structures [14-19].
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Fig. 3 The microstructure (without etching) in the heat affected zone from weld metal to the main one
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Fig. 4 The microstructure of specimen (etched): a — weld metal (steel); b, ¢ — heat affected zone; d — base metal (cast iron)



From the point of view of the fracture mechanics
the fatigue diagram is important — the dependence of crack
growth rate on stress intensity factor K, allowing to esti-
mate the material cyclic strength from the beginning of
crack formation up to complete failure. The parameters of
the curve (kinetic fatigue diagram) define the resistance of
the material to a cyclic loading. According to the experi-
mental data obtained (crack depth — number of cycles) the
kinetic diagrams are designed applying 3 different formu-
las for K calculation:

1) Anderson [13]

M a
K =——fl— 1
BWf(W) M

where M is bending moment, B is specimen width,
W is thickness, a is crack size, f (a/W) is dimensionless
geometry function

6 /2tan(;;]
a
/ (W] T
CoS| —
W
4
x[0.923+0.199{1—sin[ﬂ]} ] Q)
W
2) Tada, Paris, Irwin [14]:
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where M is bending moment, 7 is width, ¥ is thickness, a is
crack size, f (a/W) is geometry function
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3) ASTME [15]
K, =ovmaf(x) (5)

where o is maximal stresses, a is crack size, a = a/W,
f (o) is correction function according to a formula

fle)=1.122-1.40c + 7.33a” ~13.08a”° +14.0a* (6)

According to some calculations, kinetic diagrams
are made (crack growth rate — stress intensity factor) in
Fig. 5. It is known that for determination of fracture tough-
ness K¢, the crack can be grown before it under low-cycle
or high-cycle loading. By making a variety of materials
kinetic fatigue diagrams, the specimens with cracks can be
used for the determination of factors AK,, and K. In our
case, the threshold stress intensity factors 4K, and K cho-
sen according to the kinetic fatigue diagram can be used to
calculate the structural elements.
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Fig. 5 Kinetic diagram of fatigue: / - Anderson, 2 - Tada,
Paris, Irvine, 3 - ASTME, 4 - short crack

In the figure we can see that all the formula ap-
plied give similar results. Also characteristic stages of frac-
ture are seen at it. For on its structure a large influence has
been produced on the maximal meaning of loading value.
An important diagram characteristics is the threshold stress
intensity factor range, because it shows a crack non-
growing conditions in the specimen. Cracks developing
below the cracking threshold are called short and more or
less correspond to the spreading through a coarse-grained
structure. In Fig. 5 a short cracking field is approximate; it
is calculated by the Anderson’s formula (1). For develop-
ing short cracks the microstructure has of the greatest im-
portance. The middle part of the diagram is the macro-
scopic crack development; and it takes place, when the
crack growth rate is from 10" m/cycle to 2:10°* m/cycle. It
is the stable crack development stage, limited from the
right side by fracture toughness K., which determines the
end of crack developing stadium and the further sudden
failure.

The fracture analysis enriches understanding of
the conditions of crack formation, growing and total fail-
ure. The crack has appeared in the surface layer of weld
metal (Fig. 6).
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It has been found that the crack is originated at the
defect (1 —2 mm depth) in a transitional zone from a weld
material towards the base metal (transitional zone is made
clearer in Fig. 7). During a defectoscope control the crack
has been observed, when it has appeared on the surface.

Surface of the specimen

Border be weld _._"-" =
and basic metal 7

L

8 A

Fig. 10 Defects in the heat affected zone

From analogical cast iron (as cast and normalised)
plate CT specimen have been made (BxHxW = 25x60x50
mm). By methodology [6], 2 specimens of cast iron and 2
normalized specimens were tested. The dependence be-
tween the crack growth rate and stress intensity factor are
. . presented in Fig. 11. We can see that 4K, changes from 7
Fig. 7 Fracture of the specimen to 10 MPa'm"?, when the crack growth rate are v =5-10""" -
10710 m/cycle, meanwhile of the plate - 4K, = 6.3 MPa-m'?
has been found, when the crack growth rate are v=1-107 -

Further the crack is growing through the weld

metal and moves to the base metal (Fig. 8). 510" m/cycle.
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increase the crack growth rate.
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Fig. 11 Crack growth rate versus stress intensity factor
range of cast and normalized cast iron (/, 2 - nor-
malized; 3, 4 - as cast)

After making the crack growth rates versus stress
intensity factor range diagram, additional tests have been
performed for establishing compact specimens with a crack
static fracture tests, during which were found the indices
describing the failure - the critical stress intensity factor
K¢, as well as when all required conditions have been satis-
fied as well as the fracture toghness K;¢. This index is de-
fined by the standard ASTM E 399-83. During the experi-
ment of a static failure it is fixed the changeable force F
amount and crack opening v and the diagram of their inter-
dependence. For establishing the fracture toughness K¢ or
the critical stress intensity factor K¢ it is necessary the val-
ue of force Fy, found by performing the crack opening
diagram analysis. In our investigations the I type of open-

Fig. 9 The increased area of sample break

In Fig. 10 a large accumulation of defects is seen,
formed during welding.



ing diagram (one of these diagrams is presented in Fig. 12)
has been obtained. In this case the force Fy corresponds to
0-b straight line interaction. This force suits for calculating
the fracture toughness K¢ value, when it satisfies the con-
dition: F,,,,/Fp< 1.1. When this and other conditions of the
standard are not satisfied, then only the value describing
the critical stress intensity factor K¢ is calculated. Only a
part of the conditions were met from tested specimens 1, 2,
3, 4. These conditions are checked after the test, i.e., was
the biaxial strain state at the top of the crack or not, is the
plastic deformation on the top of the crack excessive or
not, is the crack front line not too curved and whether the
ratio F,./Fg is satisfied. Table presents the K¢ values of
cast and normalised cast iron specimens.
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Fig. 12 Notch opening displacement (static fracture dia-
gram) of cast iron compact specimen 3

Table
Critical stress intensity factors of cast
and normalized cast iron

Cast iron specimens Kc, MPa-m'”?
normalized (1, 2) 38.5-47.2
as cast (3, 4) 52.6-54.6

The obtained values of limiting stress factors AK,,
and K¢ are applied for designing in mining industry and
may be evaluated by the risk according to methods [20].

3. Conclusions

1. The experimental investigation has shown that
under the stresses close to the operating conditions, no
microcracks have been found at 100 mln. cycles.

2. Under increasing stresses the crack originates
under a surface defect and it reaches surface. The surface
roughness and base metal structure influences for further
propagation.

3.1t was found that a cracking development in
surface layers in weld material (in steel) is slower (it in-
clude the field of short cracking) and when it pass to the
main metal (cast iron), the crack growth rate increases.

4. The obtained kinetic fatigue diagram of welded
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joint differs from a cast and normalised cast iron crack

growth rates versus stress intensity factor range diagram.

5. The obtained threshold stress intensity factor
range values of the welded plate 4K, ~6.3 MPa-m'?,
when the crack growth rate v=15-10""- 1-10 m/cycle and
CT specimens 4K, =7-10 MPa-m"?, when the crack
growth rate v=>5-10"" - 10" m/cycle.

6. The critical stress intensity factors of the inves-
tigated cast and normalized cast iron CT specimens vary
between large limits: K¢ = 38.5 - 54.6 MPa-'m'.
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R. Stonkus, M. Leonavicius, G. Petraitis, S. Stupak

SUVIRINTOS KETAUS PLOKSTES DAUGIACIKLIO
IRIMO ANALIZE

Reziumé

Straipsnyje pateikiami pusiau natiirinio suvirinto
ketaus bandinio eksperimentiniai analitiniai tyrimo rezulta-
tai. Nustatyta bandinio pagrindinio metalo ir sifilés chemi-
né sudétis, statinés mechaninés savybés, kietumas ir mik-
rostruktiira. Bandinio ciklinis apkrovimas eksperimento
metu pradétas nuo apkrovimo, artimo realiy konstrukcijos
elementy apkrovimui. Bandymas atliktas pagal pasirinkta
itempiy kitimo programa. Remiantis eksperimento duome-
nimis, sudaryta kinetiné nuovargio diagrama. Irimo saly-
goms nustatyti papildomai atlikta ldzio analizé. Tyrimas
papildytas liety ir normalizuoty CT bandiniy eksperimenti-
niy duomeny analize, pasinaudojant plySio plitimo greicio
ir jtempiy intensyvumo koeficiento priklausomybés diag-
rama bei plySio atsivérimo diagrama. Nustatytos ribiniy
itempiy intensyvumo koeficienty Ky, ir K¢ reik§més.
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HIGH-CYCLIC FAILURE ANALYSIS OF WELDED
CAST IRON PLATES

Summary

The article presents experimental analytical re-
search results of seminatural welded cast iron specimen. It
has been determined: the chemical structure of the base
and weld material, static mechanical properties, hardness
and microstructure. The static loading during the experi-
ment is started from a close to structural elements loading.
The investigation starts from a given stress changing pro-
gramme. The experiment was performed according to the
given programme on stress changing. The kinetic fatigue
diagram is performed according to the experimental data.
For determining the failure conditions an additional frac-
ture analysis has been performed. The investigation was
supplemented by cast and normalised CT samples experi-
mental data analysis by applying the crack growth rate
versus stress intensity factor range diagram as well as by
the crack opening diagram. Values of limiting stress fac-
tors K, and K- have been determined.

P. Cronkyc, M. JIsonasnutoc, I'. Ilerpantnc, C. Crymnak

AHAJIN3 MUKIIMYECKOT'O PA3PYIIIEHUA
CBAPHBIX COEVHEHMI U3 UYTYHA

PesowMme

B HacTostmieli paboTe mpencTaBieHBl Pe3yIbTaThl
OKCIIEPUMEHTATLHOTO  aHATUTUYECKOTO  HCCIICIOBAHUS
MOJyHATYpaJbHBIX CBApHBIX COeAMHEHHH u3 yyryHa. Orm-
pelenaeHbl XUMUYECKU COCTaB U MEXaHWYECKHE CBOMCTBA
OCHOBHOTO MeTayia u mBa. [{ukimueckoe HarpyxeHue o0-
paslia MpoBeIEeHO MO 3aJaHHOW MporpaMMe, HayuHas C
HATIPSDKCHUH, ONM3KMX K Harpy3kaM B pealbHBIX KOHCT-
pykmusax. [lo skcnmepuMeHTanbHBIM JaHHBEIM ITOCTPOSHA
KHHETHYECKas auarpaMMa ycTajocTH. lIpoBemeH aHamu3
M3JI0OMa TO3BOJIIOMINN YTOYHUT YCIOBHUS DPa3pyLICHUS.
JIoTIOMTHUTETPHO TPOBEACHO SKCIIEPUMEHTAIBHOE HCCIe-
JTOBaHHE BHEIICHTPOBOTO PACTSDKEHHS KOMITAKTHBIX 00pas3-
1oB. [TocTpoeHa 3aBUCUMOCTD MEXIY CKOPOCTBIO TPEIU-
HbI ¥ KO(PDHUIIMEHTOM UHTCHCHBHOCTH HAIPSDKCHHU. Y C-
TAHOBJICHBI 3HAYCHUS KPHUTHYCCKUX KO3(DPHUIHUCHTOB HH-
TEHCUBHOCTH HarpsbkeHud Ky, u K.
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