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ABSTRACT

» method based on fracture mechanics is required for the prediction of the
fatigue load level at which cracks can develop at specific inclusion areas
present in large forgings.

The results of an investigation of four large forgings containing inclu-
sions of different chemical compositions, morphology, distribution and
size indicate that the evaluation of the fatigue cracking behaviour of
steel-making inclusions can be performed satisfactorily using linear elas-
tic fracture mechanics principles provided that the inclusions are present
in the form of regions containing densely packed particles. On the other
hand, the effect of single inclusions not consisting of densely packed
regions may be overestimated .
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INTRODUCTION

Even when using the most modern methods for the manufacture of large forg-
ings it is still possible for individual non-metallic inclusions and groups
of such defects to be trapped within the material.

A method based on fracture mechanics is required for the prediction of the
fatigue load level at which cracks can develop at specific inclusions
present. The method must be able to deal with inclusions of irregular
shape and with groups of inclusions. It is conceivable that present prac-
tice in which such flaws are considered to act as sharp cracks and groups
of defects are equated to a circle of size sufficient to enclose all de-
fects in a group may be pessimistic. The period required to nucleate the
crack and grow cracks in a group until they join up is neglected.-
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Previous results have shown that in the high cycle range the initiation of
cracks both in a high strength 12 % Cr-steel (Friedl 1981) and in hardened
and tempered low alloy steels (Harkegard, 1974) can be described using
linear elastic fracture mechanics. Elsender et al (1977) performed pulsat-
ing tension low cycle fatigue tests up to 25,000 cycles on specimens
containing alumino silicates in 3.5 % Ni and CrMoV steels, predominantly
in the form of surface defects. They observed a good correlation with the
threshold for fatigue crack propagation for individual defects and found
no evidence for an incubation time before growth occurred if the stress
intensity factor lay above the threshold value.

The aim of the present investigation was an extension of this work to
different steel types showing a wide range in yield strength values and
containing inclusions of different chemical composition, morphology,
distribution and size both in the form of individual defects and groups of
defects which would be expected to interact (clouds of irresolvable inclu-
sions) in order to investigate methods for the quantitative evaluation of
the effect of inclusions on fatigue properties. The present investigation
was limited to the range up to 25,000 loading cycles to simulate the

situation arising during start-up and shutdown of power generating equip-
ment.

TESTING PROCEDURE

Four forgings were examined in the present work. Details of the manufactur-
ing procedure, component type, size, chemical analyses and mechanical
properties of adjacent, defect-free material are shown in Table 1. The
forgings are designated A, D, G, and H and comprise a 1 % CrNiMo steel
shaft of low yield strength (360 MPa), a 3.5 % Ni steel disc of high yield

strength (880 MPA), a 2 % Cr 1 % Ni steel disc and a creep resistant 1 %
CrMoV shaft.

Table 1: Description of Forgings and their
Chemical Composition and Mechanical
Properties

Material Forging | Dimensions velting |Ingot [R

[Impact |[FATT i € [Si [Mn P s | A for Mo | NV
procedure |weight

lenergy
1) mpa || mpa [20% 0 | °c

0.2

=

26CrNito & Shaft | P965,P615x8340[E1 and Vac| 38 36617’9—77 +30 .21}.24] .74 {.006 |.006 |.004 |1.10 |.26 [0.52 |.01

28NiCrMoV145| Disc B,‘25ZD.01730 €l 100 884 | 61 -30 .28|.12[.72 |.008 |.011 |.015 [1.61 |.43 [3.50 [.10
siia S % | . -

)

23CrNiMo747 | Disc 9,1720x620 €1 and CAP| 12 [ 660 | 98 + 5 §.23f.

£3

21CrMoV 511 Shaft P1150,8300 £1 e 64C [62-70 +50
N x1100 |

1) £1- electric arc . Vac - vacuum degassed, CAP - Calcium Argm Procedure

Table 2 provides a summary of the results of the ultrasonic tests (equiva-
lent disc reflector ER) along with the findings of the microstructural
investigations. The findings may be summarized as follows:

A: Separate and grouped elliptical defects of £ 5 mm ER (A12O3)
D: Separate circular defects of £ 4 mm ER (Al 03/MnS)

G: Grouped irregular defects of < 1 mm ER (si%icates)

: Separate and grouped irregula; defects of < 3 mm ER (MnS)
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TABLE 2: Microstructure and Defect Type

— T e e
Forging | Defect category| Microstructure| Grain size i Defect type
1) |
R | )

Geometrical form |

i
ASTM -
2

I ST

\

elliptical
densily packed particles,seperated

by areas of weak bounderies '

Pearlite i

shaft A | 1 and C 25 ml Bainite and 1
Ferrite and ‘
|

!
—

-5 ’ Predominantly Al,03

7-8 |

M203/ MnS, non-uniformly distributed irregular circular

DiscD | I <4 mm| Bainite and
| Martensite

small densily packed ‘ irregular equiaxed

[oiscs | ¢ £ | Bainite and 3-8 i ciun-Aluminium-Silicate particles  or elongated

Martensite

i

| | ) ) .|

‘ i 7-8 MnS particles (type Il and 111) dendritic and compac
Shaft H 1and C <3 mm| Ferrite and 1 P dendritic oo o

| Pearlite also associated with pores equigxed pp! i

1) ER - Equivalent disc reflector 2) I - individual defect 3) see typical photographs in Fig. 2
C - defect cluster

rRound specimens of 30 mm diameter were machined f?om the defect%ve regions
of the forgings in such a direction that the loading was predominantly
normal to the plane in which the defects lay. The specimens were then
subjected to pulsating tension loading (R of 0.1) for up ?o ?5,000 C§Cles
a4t room temperature or until potential drop measgrements 1ndlc§ted t! at‘
significant crack growth had occurred. The experimental setup is shown in
Fig. 1.
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Fig. 1
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various stress amplitudes were used providing maximum strgss values between
66 % and 98 % of the yield strength level. After term%nat}on of the fatigue
loading experiments the specimens were cooled in liquid n}troggn and brigenl
open in a brittle manner. The fracture surfaces were gxamlngd in the optica
and scanning electron microscope for evidence of tbe 1nclu§1ons and vuc—
jeated fatigue cracks. Particular attention was paid Fo evidence of.lnterac—
tion between defects. At higher magnification the fatigue crack.regloﬁs
could be clearly identified and distinguished from the.surroundlng brittle
overload failure. Figure 2 shows the appearance of typlcal fractu;e surfaces
for each forging. Chemical composition of the iyclu51ons was conf1rmed»
using an X-ray diffractometer in the scanning'mlcroscope. For all forglngz
it was possible to observe flaws at which fatigue cracks had nucleated an
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others present in the brittle overload region but at which no crack had

nucleated during fatigue loading. Observation of the fracture surfaces

showed that although the US inspection of forging "A" showed grouped and
separate flaws for all 28 flaws seen on the fracture surfaces the separa-
{ions between their edges was greater than their individual widths. Since

P
3
c =
o o
2 e
=
— ®©
o a
=
e D
-5 melville (1976) has shown that the stress fields of neighbouring cracks
S 28 will only interact at smaller separations these will be considered to be
ES gg ‘.-; " sweparate defects from the point of view of the fracture mechanics analysis.
2 % é - © i a similar way the separations between flaws on the fracture surfaces of
- [ .. * 0 .
o sa9s o torging "G" specimens were large enough to preclude fracture mechanics
2 %Eg © . nteractions even though the US inspection indicated group defects (see
529 & Table 2).
- oo«
© R - ¢ . 2
to= é on the other hand some of the flaws which appeared as separate US indica-
t1ons in specimens from forgings "D" and "H" in fact comprise closely
- spaced groups of inclusion areas which are sufficiently close together for
- § ‘nteraction to occur. In these cases the flaws in such a group were evalua-
g ted together.
@ a
E%
i for the fracture mechanics evaluation a stress intensity value was assigned
5 % o~ t& each flaw (or group) observed on the fracture surface in the following
ol 98w E way:
o 32 v
Z Sl & @
g § g E g b For forging "A" in which compact inclusions with elliptical form are
[ I, o present separated by areas of weak bonding the elliptical form was adop-—
—S E ig :‘13 g ted and the major and minor axes measured. The stress intensity amplitude
s 8=2 . = is given by
teZ 3 o
£z &
T oa -
= K =Ac\(—— =----""°""°""°° 1
= A Ac o (1)
=
é _ where Ao is the stress amplitude, a the semi-minor axis of the ellipse, Q
z E S \s the appropriate shape factor for the observed elliptical form. For inclu-
£ R E sions which intersect the specimen surface the value of AK is increased by
:fN — 4 factor of 1.12.
&) << o
53 E _ _ .
=l 5 g i ~ In the case of individual areas with densely packed particles (forging "G")
) 3 g e o the flaw shapes were intentionally approximated to a circle of the same
g TCJ = S o area as the observed inclusion area.
S| = ES) B
< % 3 where interacting clusters were present (forging wH") the individual irre-
= ;::E o= gular areas were determined and added together before a circle of equiva-
“ kg % lent total area was calculated (see Fig- 69
e =
In the case of irregular inclusion areas with non-uniformly distributed
E particles (forging wD") the whole specific inclusion area with low and high
§ % particle concentration was determined for the approximation of the equiva-
z§ 2 lent circle (see Fig. 5).
2EE oy
s = : .
<&l me = E The fracture mechanics evaluation was performed by comparison of these A K-
sl o N8 A values with the threshold stress intensity amplitude, AK , determined at
= 5‘?\,; o the same R-value on compact tension specimens taken in the same orientation
- @ % . . N & - .
EE’ £E=2 fod from adjoining defect-free regions of the same forgings . The AK —values
=& . . - <
| TS : were carefully determined by small incremental step decreases © the load-
—E f) qé E‘ S ing amplitude while monitoring the crack with the potential drop technique.
° g% g-‘é e on the basis of fracture mechanics, i.e., 1if the inclusion areas behave as
o8-8 8 sharp cracks, fatigue cracking would be expected at all flaws for which

A K lies above & KO.



2112

RESULTS AND DISCUSSION

Figure 3 shows the results of th
T B8 f € evaluation of the fractur
e Fres. t;:lzniozefe examined on the fracture surfaces o? i;;fzgzsimIn
ER beints indicatigln?i. In eachlcase the A K-values are plotted witbens
clonsh motors oAt g aws at whlch no fatigue crack had nucl .
owing those at which cracking was observed Triz:;TZsand k
. mar

| e Joaoat

Range of threshold
(2x1o-10m/cy;{)e) stress intensity 4Ko

&resslnwnsdy dKo and 4K in MPq m1/2

. Forgi ' |
2 orging A Forging D Forging G Forging H |

8
9 10 1 1DS 203 2D4 205 8 9 1 1 2
Speamen Number

~

Fig. 3 Cgmparison of calculated AK values
with measured threshold AK
o
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urface defects and circles embedded ones. In addition a letter c adjacent
the symbol refers to a defect cluster where a single A K-value was

slculated for a number of neighbouring flaws. The measured A K -values arg

.hown on the same diagram and correspond to a propagation rate of 2 x 10 m/

This corresponds to a distance of 5 mm at a magnification of 1000

cycle -
the scanning microscope - the lower detection limit for the presence

1n
small fatigue crack. A scatter band has been added to the AKO—val—

ol a
to account for the observed variability within the forgings tested.

yes

ror forging "A" a clear division is apparent. All of the elliptical flaws

inclusions showing A K-values below the A K_-range have no

with Al1_O -
A K-values within the A K -range are

fatigue”cracks and the most with
devoid of fatigue cracks. This observation applies equally

embedded flaws. A further clear-cut case is provided by forging "G" con-
taining silicate inclusion areas. All inclusion areas are irregular indi-
vidual flaws. In this case only one inclusion area could be found without a
fatigue crack. Apparently the brittle fracture path is less likely to pass

for surface and

through uncracked silicate inclusion areas.

clearly exhibits flaws possessing AK-values up to 50 % above AKO but
without evidence of fatigue cracking. This appears both for single flaws

and groups of flaws. Closer examination of the inclusion areas and a com-
parison with those visible in forgings "A" and "G" indicate that the inclu-
sion areas in "D" contain a non-uniform distribution of Al O3 (rounded) and
MnS (angular) particles so that it is inconceivable that t%e whole inclusion
area used for the calculation of AK could immediately act as a crack.

Figure 4 shows a typical SEM picture of a region within an inclusion

However discrepancies appear for the remaining two steels. Forging "D"

Fig. 4

Typical SEM picture in
a region within an
inclusion area after
pulsating loading
(forging D)

0.02 mm
—
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of 0.35 mm* in size. Both fatigue crack (F) and brittle fracture (B) zones
are visible within the inclusion area; ductile zones

(A) can be seen around
the particles.

It would appear that the zones containing a high density of
inclusion particles are cracked presumably during the first loading cycles.
Fatigue cracks then propagate for a limited distance between the densely
populated zones within the overall inclusion periphery. If the specimen is
now broken open at low temperature the remaining zone will be brittle as
shown in Fig. 4 and schematically in Fig. 5. This is the initial stage of
the fatigue crack growth in such non-uniformly distributed particle areas.
If, however, the fatigue loading is continued the crack will develop a

measureq inclusion area o iohery Fig. 5
— /(Incluord area used for ¢ calculation) Schematic diagram
brittle fracture - . . N
indicating how the
/ :
/ . process of fatigue
. —__ Zones of nim AlOy/mnS
7 sarticle cocent?ation cracking may occur
/" separateo by lower censity areas K A N
A : within a defect in
sree =\ ° which the inclusions

fracture

are non-uniformly
distributed, e.g. in
imercomection forging D (compare
photograph in Fig. 4.)

circular form and propagate away from the inclusion area (Fig. 2b) This
process is summarized in Fig. 5, i.e., when the inclusion area is only
sparsely (non-uniformly) covered with particles the stress intensity ampli-
tude must be raised well above A K before cracks which form at different
points can grow together so that macroscopic fatigue cracking will be
observed. Turning now tc the results from forging "H", which contained
solely fine irregular MnS inclusions, sometimes in association with pores,
it is apparent that, although fatigue cracks are observed in all cases for
A K above the AK -range and the absence of fatigue cracks is only observed
below AK , some fnclusions slightly below and at the bottom edge of the

A K -band show considerable amounts of fatigue cracking. This is almost
exclusively the case for defect clusters so that a discrepancy in the
analysis may arise from the method used for the calculation. In such cases
the individual inclusion areas lying in close proximity to one another

have been added together and A K calculated for a circle of size equal to
the summed areas (Fig. €). For two adjacent circular cracks of equal size
this leads to a 20 % higher A K-value than for the single crack. However,

a recent photoelastic stress analysis of adjacent cracks (Phang 1983) has
shown that as two equal-sized cracks are moved closer to one another the
K-value at adjacent points on the crack circumference can be up to 1.5
times higher than for the single crack, so that the effective value of K

at adjacent points on closely neighbouring inclusion areas could be up to
30 % higher than calculated in the present work and shown in Fig. 3, for
example, for forging "H". An appropriate re-evaluation of the stress inten-
sity values for inclusion clusters at all of which cracking was observed

moves them, in line with other observations, into the upper range of or
above A KO.
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Fig. ©

Rapld Initial

; y cin
" fatigue crack growth Schematic diagram showing

that for clusters of closely
spaced inclusions local
cracking occurs rapidly at
adjacent points on their
\ circumferen;es where the
"//::gﬁe K-value is increased by

their interaction (forging H)

\ Surround1ng

Mns

: 1y the present summation procedure for the calculatlog ofsz?iaiiZal
1N\de“F . for the determination of the AK-value of an 1r§eB e
el indere timates the true value. In standards ASME XI an il

o der undegiZB rules have been laid down stating that for the c.ozg I
e o cracks (separation less than average OIr smallest 1? 1z;~
dpﬁziagza;itZZ? the encompassing crack should bgt:siiefZipziimZ;izlcihOto_
bl i i i ugh agreement Wl
LXZZéizh;iaﬁizzzdi:dzzitiiglihZi ?t sZems to be a realistic method -

e

i i single
we are now faced with the task of estimatin?ciqztiigei;;zi Z;izciive g
defects ot defeittgzoude:zE?oi Z;e:hzzrcability to propagate can be miiie
AK-V31U§5 o t':t: a zopriate AK _determinations . In the case of iepi
B o Y; izps “A" and wc®) the US inspection reveals a dg ec
compact.flavs Oggtogcalculate A K, which in turn, through‘cgmparlsO§c-
o "Rk o us'Zes a reliable prediction of the flaws's ability tivnor e
with 8K, PrOVI rack. Where the flaws are present either geparate Y T
e atlgii CinclL-lsion areas are only sparsely (non-uniformly) iozm
CIUSt?rS o ies (forging "D") the calculation of the A K—valuesh rccurs
nad vlt?uZ?ZEerea may lead to conservative results,r1.e,‘notgzozzseoof
the l;zr A K-values slightly in excess of AKO.‘HoweveEfcizs i
Cloe flaws which are densely populated with par icl A e
Ci?iteri :Z deiermined from the total defect area, whliz ls.relaziaCks >
e - rvative results, 1-.€- ; .
Fem e i:ié?i;eiznsiZZihZi 222ozoifi . In this case a safe prediction

propagate at uch as thosg laid down in British and ASME

can only be obtained if rules s
standards are employed .
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CONCLUSIONS

The results of the present work indicate that the evaluation of the fatigue
cracking behaviour of steel-making inclusions can be performed satisfac-
torily using linear elastic fracture mechanics principles provided that

the inclusions are present in the form of regions containing densely packed
particles. On the other hand, the effect of single inclusions not consist-
ing of densely packed regions may be overestimated. Methods for the correct
evaluation of closely spaced clusters must be further developed to permit

a satisfactory evaluation of their effective stress intensity values.

ACKNOWLEDGEMENTS

The authors would like to express their thanks to the Forschungsvereini-
gung fir Verbrennungskraftmaschinen for the provision of finances with
which a major part of the work was performed, to the Industrieanlagen
Betriebsgesellschaft mbH (IABG) at which the tests were carried out and
especially to the members of the advisory group which provided invaluable
help during the course of the work.

REFERENCES

Friedl, K. H., Scarlin, R. B. and Zelizko, V., Advances in Fracture Re—
search, ICF5, 29 March - 3 April 1981, Cannes, France, Vol. 2, p. 923.

Harkegard, G., Eng. Fract. Mech., 6, Dec. 1974, 795.

Elsender, A., Gallimore, R. and Poynton, W.A., Fracture 1977, ICF4, June
19 - 24, Waterloo, Canada, Vol. 2, p- 953.

Melville, P. H., Conference on Fracture Mechanics in Engineering Practice,
Sheffield, Sept. 1976, CEGB Report LM/MATS/098

Phang, Y. and Ruiz, C., Conference on Application of Fracture Mechanics to
Materials and Structures, June 20 - 24, 1983, Freiburg, Germany, Proceed-
ings in press.



User
Rettangolo


