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ABSTRACT

Micro—specimens of nodular iron with ferrite matrix have been extended and observed in situ with an SEM.
In combination with using corner technique, surface microstructure, cracks and related fractography have
been observed. It is found that the conventional theories of cast iron on treating graphites as voids do not
agree with reality. A new explanation of the mechanical behaviour of nodular iron has been made and the rea-
son for improvement mechanical properties by graphite nodulizing has been clarified.
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INTRODUCTION

The invention of nodular iron was an important jump in developing processes of cast iron. Nodular iron not
only has the general merits of grey iron but also strength and ductility competitive with those of steels. It is
conventionally believed that this is due to considerably lowered stress concentration at graphite in the cast
iron. However, graphite particles are crystals distributed randomly in cast iron , of which the interatomic
forces on the basal plane are strong covalent bonds although that along C axis is van der Waals, and, in fact,
in cast iron under tension graphite goes through deformation and fracture processes, which keep on till the
moment just before final fracture of specimen and so use up quite a lot of the work done by applied load and
deformation (He et. al., 1991a). Therefore, graphites in cast iron can not be treated as voids. Since the initial
graphite particles are not voids, they should not be able to cause notch stress concentration. This can also be
supported by cracks initiating first at graphite (G) — matrix (m) interfaces (Eldoky and Voigt, 1977; Heet. al,,
1991a,b), but not in the matrix surrounded graphite tip (He et. al,, 1991b). From the above, it can be seen that
there are some contradictions between the conventional cast iron theory related to graphite and the relevant
practical mechanical behaviour. So the theory should be explained anew. For this reason, in this investigation,
by choosing nodular iron with ferrite matrix, the micromechanism of deformation and fracture in nodular
iron and the nature of mechanical property improvement by graphite nodulizing have been studied.

EXPERIMENTAL PROCEDURES
Nodular iron with ferrite matrix was cut into 30 % 2 X 0.5mm specimen blanks with a single notch having a ra-

dius 0.2mm and depth 0.5mm at the middle of a specimen by using a spark machine. The blanks were ground,
polished and etched to reveal the microstructure and form micro tensile specimens. The specimens have been
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palled intermittently, ohserved in sito and surface morphology photographed by using an SEM 25—CF with &
tensile holder, The increase in length (A, ] corresponding to each intermittent point was measarsd by using &
micro scabe of tensile holder and converted into elongation §,. After fracrored, aptcimens have been tilted
about 45 * under an SEM to chserve both side smrfaces by ming the corner technique. According to the re-
ity of gurface morphology change on cne yide Furface of specimen observed in silw, the kev Feld on fractare
al the ather side of specimen could be chosen for Farther detailed observation. By oting the same technigue,

therr matching fracturs surfaces have also hesn observed. Thus, mwcro processes on deformation and fracture
m nodular iron have been investigated comprebensively.

(h] & =0.28%,

0.68%, the matrix alips intensely and new inleslacial

EXPERIMENTAL RESULTS

The initial morphology of 8 tensile specimen is shown in Fig.1.2, As pulled to increase i length 10pm (4
=0,03%), the specimen was observed ip 511 and these were na slip bands abserved in the matrix. However, it
bas bern seen that at graphite—tmatris (G—m) interface cracks nucleated already, as shown in Fig.1.b. With in-
crense i M, the cracks propagate along the G-m inlerface with graduaily changing dirsction ta forme an
mterfacial crack. At the same time 3ome ather aew C-m interfacial cracks form in the same way arcund
oodular graphites in front of the primary interfacial crack as showe in Fig1a Then, local ship takes place in
the matrix {ferrite) between cracked nodular graphites ar adjacent to the totch of specimen and the slip most
Iy takes & favoured direction searty 45 * to the tensle axix, o shown i Fig.2b. and c. Alterword, these pro-
a=33ca beep on for quite & long whike 1ill §, =0.72% the locally slipped matrx between cracked modubar araph-
thea or adjicent 1o notch fractures 1o link up with interfacial cracks and form g crack ar least consisting of @
Gm imterfacial crack and @ transgranular crack of matrix, a8 shewn in Fig.la For the sake of difference ta
mterfecinl cracks and comvendence in discussion, the crack i ealled here a castiron crack (210, With increase
m Muly, the tip of CIC opens. Meanwhile, ferrite matriz i front of it slips iotensively, AFfter quile a long
elangation it frectores rapidly along slip plases t¢ connect with the G—m icterfacial crack in front of it, and as
a result, crack propagation takes 2 jump. 23 shewn ie Fig.d b and c. Thes, the propagation of CIC i iztermit.
tzat with some time speat oo incubation and same Hme devoted 1o propagation

IC orack tip openiog and secondary

i) & = 1.03%, primary and secondary CIC link up by fractare of intenszly alipped matrix be-

C

. primary

{cl &)

arfowe paint to crack or slip band and A, B, «=, J mork graphites,
(b &, = 0,85%

(&) &, =0.72%, CIC formation by fracture of intensely dipped matris

The fractography corresponding 1o strocmre and crack observed on the surface and ita matching fraclography
are shown in Figd. It can be s=en here that most parts of fracture 2re cracked along the G—m icterface and
appeared as some nodular graphite particles protwberant and some theis dimples depressed, that & few parts
are mized trangranular and interfacial fracture of a few graphits asd zo their it actographies apmear a1 a G—m
interfacial crack ring around a tfrangranular fracture sorface of Dodukar graphitz on a match fractographs and |
that anciber a few parts are ferrite matrix fraciure with cimpizs coabeacence.

{a) &, =0.05%, cracks propngute along Gi—m ioterfaces with changeable direction

1o link an keerfacial erack with asother one or micro=nooich

CIC formatios in front of it

reecn them,

cracks propagate further and slip oo matrix between the cracks

In situ observation of Fig.l specimen after various sfrains
crnck initintes ahead

the same in Fig 3 and 4

Fig.} In gitu observation of Fig.2 specimen after Mrther strun

Fig. 2

Fig.l. Initial microstructore and ceack initiation st G—m interface in podular ron (2]
initial microstructore  (b) in situ ohservation of [a) specimen after pulled (o,

=0.03%])  arrows point to crack initiation a7 G—m interfgce and it acd jacent ma-
nx with no slip hand.
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DISCUSSIONS

Relation B Nodular Graphite and Crack Nucleation in Nodular Iron. For a long time, it was con-
sidered that graphites in cast iron can be simply regarded as voids with no strength. Thus, it was always be-
lieved that nodular iron has good strength and ductility because graphite nodulizing decreases notch stress
concentrations caused by graphite in cast iron. If the graphite were void and caused stress concentration, the
maximium stress concentration 0 cmex would take place in the metrix just adjacent to 8 sharp graphite tip, and
so would cause first deformation or fracture. However, in fact, cracks always pucleate first at the G—m inter-
face perpendicular to the tensile axis in cast iron (He et. al,, 1991a.b). What is more, the critical strains for
interfacial crack nucleation are the same for both grey and nodular irons (3, =0.03%, under the same testing
conditions), as shown in Fig.1, although in which nodular graphites are much rounder and blunter than flake
ones. These evidences and illustrations prove that there is no relation between crack nucleation and the shape
of initial graphite in cast iron. The only explanation is that the initial graphite particles are not voids and so
do not cause notch stress concentration.

Since crack initiation at the G-m interface is not due to the graphite notch stress concentration, it is mostly
due to the weak van der Waalg’ force and the short—range stress concentration caused by the incompatible
deformation between different phases on both sides of the interface. To the former, according to graphite
structure it is understandable that graphite crystal growth must rely on the strong covalent bond of atoms in a8
series of sheets parallel to basal plane to catch carbon atoms from solution in front of graphite and extend
tangently along the sheets. Therefore the external layer in graphite must consist of the sheets parallel to basal
plane and this has been proved by electron diffraction (Zhang Buo et. al., 1988). Certainly, the normal of
graphite suface layer must be parallel to the C axis of graphite along which bonding force between the sheets
is van der Waals’, and the structure must accordingly be regarded as a molecular one. From this it can be de-
duced that the structure of G—m interface should be a transition—structure with weak bonds from external
surface graphite structure to matrix structure. This is one reason why the crack initiates preferentially at the
G—m interface or its subsurface graphite perpendicular to tensile axis in cast iron in tension. To the latter, be-
cause both sides of the G—m interface are respectively graphite and matrix with different phases, they certainly
manifest themselves different mechanical behaviour under loading and cause a short—range internal stress dis-
tributed near the interface. According to Fig.1.b, G—m interfacial crack initiates before slip of matrix adjacent
10 it so that the mechnical behaviour near interface can be treated as elastic one. For convenience of analysis,
first let’s remove graphite from matrix and then they are able to freely deform elastically with different
amount strain 8, and &a respectively under loading due to each different elastie modulus E, and Ea. Be
cause E; < Ea, therefore 8; > &n under equal applied load. Then let’s replace the graphite into its original
location in matrix, they will be deformed to match each other and form a continuous body. At this moment,
the elastic deformation of the matrix is very small and can be neglected due to its strong strength and large
size, compared to that of graphite. Thus, as shown in Fig.5, the graphite surface carries an applied tensile
stress and short—range internal stress o arising from incompatable deformation between graphite and matrix
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Fig.5. Schematic drawing of incompatible deformation and internal stress

between G and m.  (a) initial state  (b) free deformation of G and

m (c) match deformation and internal stress o1 (arrows indicate
deformation direction of G)
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bezide, The o, is com pressed al bwo poles of sodulir graphits acd ten
less, at marrix adjmcent to where LT

and mmrj:'nmnjinﬂrn.., and @y,

sile af the end of its equator. Mewerthe-
of apposite direction, Thas, the result tensile strees BCtng oo grapkite
= and have been dedoced as (Heet. al., 1991a)

Fooy =0, E FE,

(1)
Brom =y = [I—F, /E.] o
when o,., > e, (fracture strength of graphite), is.,
L= Y P [3)
2 crack will be able 1o oucheats gt poles of nodular geaphice, while as Firm > @ (lracture strength of jnter.
face), ig,,
Sus > p {2~ By £ Eu) (L]

at the G—m interface on the poles of podular i
Trup OF 3r.m i lrper than Tp.m (vicld sive

can the crack e opened. According to this, b
1992),

For cracking at graphite oy >4, . Eel Ey (5
For cracking at mterface T e (1—F, K, 16y
For interfacial crack ivilation ie cast irom,
cture strength of interface and of grapkite,

Formulas {31, (5} and (4, {8} are the essential and full conditions
They indicate that critical stress for crack initiation depends og fra
clastic moadolas of graphite god of matrix, and the yield stremgih of matrin, i 2., the bower the strergth and the
larger the diference between £, and F, » the exier the crack initiation. According to the order to satisdy for.
mulas (3, 5 and {4, 5}, it i decided whether crack cucleates first at graphite or at G interface. However,
they also show that crack imtistion nof relates 1o the shape of grapkite, That i# the reason why critical yirain
& for erack initiatian of Erey iron and that of nodular iren bots are the pame| =0.03%, in this investigation),

!H'Dﬂlnr_(hlh_ktc_kdl_ﬁ m_ﬁ-—mﬂtz@-f&:ﬂ:\nmﬂm. Alfter oucleated, the G—m interfacial
crack is dificult 1o Propagate throughout its both sides, berauee on one side there are graphite sheets parailel
to basal plane with covalent bond and on the other sige there is matrix. They both are much stronger than
G—m interface. Thus, it js only a way for the crack Frofagahon o propagate still abong G-m interface, That
@ why a lot of inlerfacial cracks propagate arooed nodular graphites. Because crack propagation io such a
=4y gradually changes crack direction, the opening sress ®up . StrEsy intensity facton of model T and L.ie,
E: and X7 and the elfective streas intengity factor £,r shocld all be changed with 1he deflectional angle
imCreans. In reference to the critical cormal sireas law, cleavage occurs when the com ponent of the sirest mor

mal to the chavage plane (oo ) reaches @ critical value (Schmid and Beas, 1950}, and 1he &, cam be Written as

Do = Ty, i (50— B3,
If regarded the podalar G—m imterfacial o
crack nucleating at pobes of nodular Erapk
crack with deflection an
thus, the madel T, 1
reapectively obtained

n
rack as the envelope of 4 series of t
ite At a series of further Propagate
glea &, {=1,23, n, ard peglected the small
and effective stregs intengity factors of i—h de
fram fallowing equaticns (Hs et, ai., 154921

AOgent lices being @ model I
d cracks £, declice to i prior
difference among 8, ie, lol & = 8,
flectizns k stp kg and kg, can be

K= cor Sy — Irinl® 4 Ficor* (0 7 Nikg.,_,

(B.a)
Kogor=sinl@ s a0 Tk g, + ros(8 I — LB kg, (8.5)
l:.rr-:lii-l'-k‘-jl-lj St 8.1

Dby as i= 1, equation (8) i3 exceprioned and should be
ko =cos (@ 2K, LLF-)
k. = a8 Ncastis 21K (9.8)

From the abave equations (5} and (9),
the OpEninE streas of crack TP T, intensity factor of opeming stress k

£.m-v all decrease with increase in deflection angle §, and so crack Fy
down. Oloce they # down 1o =, <a,., or k.

It can be s=en that when G—m Itz rfacial crack propaga ting, whether

Lar or effective stress intensity factor
rowth rate should he certaicly slowed
v Kooy (Fractore toughuess of interface), crack
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stops propagaticg. Onaly if ke and o, incremsed by forther increasing in load to watisfy :
koo 3 Kvier;  FarrEdyey (L]

can the mierfacial crack be foriher propagated sroand nodular graphite. This implies that the cast iron i both
strengthened and toughened.

Plastic Deformation of Ferte im Nodalar lron. Althongh femt bax ey pod“:culitm m::'ll-l
m grey iron becomen E:_iuh. In nodular iron, however, it :u atill duetils. ‘n:;uhu ':;:h " —
@ntrabons ariging fram graphite in iron. However, o pointed owt ahau,. .nn.n! mpfdd‘ Tl K
be treated a8 voids and do not cawse notch stress concentrations in the 1.:!1;| rages of :‘m o e
conventional argaments on doctilily of ferrite in cast iron !hwld. be discuased !z:;;ﬁ ::t. mm-ﬁ“ o
above, althongh it & oot related to crack muelestion, graphile shape has & strong T pt:m
mterfacial cracks. In the case of Make graphite in grey iron, after nldc.lﬂ-:n.th mlﬂ'!ldlm q.-'.;k;n“d.-
gates along the G—m interfacial to form a Hoear interfacial crack 2, ma_hnl‘rj ﬁ:tkﬁ—maﬂ
s wdjscent matrix still has ne plastic deformation i evidence, While in un-!ilhr Erap e il it
propagates with chargeable direction along G—m interface of mﬂ._ﬁ: mpi_:m. {?ul;::: s g o
u!ckdaﬂutiﬂlIzldimldnn“u:inlh:upmlngmup@mmlmumm . : jbset e
growth rete goes down and may sver stop gradeally. 0.111;- if the apphbed lnad is w[: m:l-.g o ket
compensate for the deflection effect, cam m:hr:nm;lhc:ddrm l;;r::.;r:m l:l: i
T > 0y m, the ferrile can ship as 5 in Fig.2 ard 3, and | .n‘mud_ roceass

hﬂm;m::?ﬂ I-.M:nl just before final fracture. Next, if the n:.hrlcllm:tml af p::g:muﬂlﬂu;l:
O-m interfacial wrew of nodular graphite is 8 minimum in cast iron, i, the areas oo
that to cul matria is minimom, asd the sguivalent model Hnlur |:.:1.:t 'I.:n_lﬂ:‘c, e
terma of fracture mechanics is equal to or less than nodolar graphite I!l.;_.rnﬂ:r s ' |.1::r:;m r. : =
fake graphite g, ia equal ta i3 own length. Obviouasly, -:, s, lnlld:lugn, -E.lcr:m mn‘ﬂh:mmphw
in cast iron can be regarded as voids, and o, as pointed in mwe'uuc:ml theory, n i ar r[t::dnm gk
concentrations much lésa than flake graphite, Tt will also bead to the .mlurl.: toughness o i
being much larger than that of grey ron K.y, 48 Kueor > K.y .Euapuun;l.h;y mltmudmu o e
applied load, say o = ;. &, the critical crack I:tgth:ufn:_'dnlu.umudmlm:.:i:.. i

caculated by substitoting Xy, .. and Ki-, -‘:t:u..t&l:;rplnr::ﬁwly im the following sgq an
where ¥ s coelliclent. Obvioushy, @,.,®a,.,. [n terms of the above -ﬂ-:a‘:ri.p?‘l}l,';;.::; 1 m::;ﬁ::;:.';];
e e e tlT G_ﬁ E n.hr m:-nﬁ:;f:ufmm; crack l::ll equal o &,

3 | 4 (]
'::.";: : E:Fc?:;xf:i‘fn;mm?umllr ferrites fractere in britlleness 8t onee under I hw.-;nldﬂi:l;ﬁ::
iren iy quite different. If the nucleated G—m iclerfacial au:t. propagate continuosly :

ﬁ::: «anm:, ita direction will change gradumily, and w0 the sffactive epening Ihl'fﬂl :::I:dﬂ::h:
stexs intensity Rctor decrease, and it slows down e:m: prevents ;;r..;-t prn;-ptm- on fmmuw_
creases to high emough to compensate the decrease in thal, can !h: icberfacial ::-:k;mm 55

Onece the applied load increases op to or aver o, ¢, fervits will slip, .hm.u ig. 2. = i st mﬂm
keep on till the mterfacial creck propagales around a wtulf aodular graphite. What :‘m bt
ceset on deformation asd fracture are going o 8 moment just before final frutnr:. " tﬂn' b i
leas then @40, . Therefors, the ferrite matrix in podular iren i ul?]:'mmld.u.n.d mn.l:l.]l:m e
This brings the ability of plaste deformation and work kardening of lerrite mt?l‘n 'ﬁnmi“ iy
bo increass in strength in cast iron, and that is anolher true resson for nodular iron §

Eming,

Hucleation and Propagation of Cast lron Creck. As described above, the u-.,-t:]-“.m:nn“:t‘m:}f;r:r:;
terfaces and propagates to form an interfacial crack in cast iron, However, fhe mh:rfa:n:dcm‘ nee .
paasing through its adjacent matrix to form a n:::lnn crl.ct_, can fnrthar_pmia::lel:.:!:nmkd. inl|m=.-|'..:i.;
Fig . The formation of CIC in a ar fron @5 & proces, i w \ Bt :
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larger than @y r, betwesn cracked graphite particies the ferrite slips locally along a fav g
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finally, if 0., is larger than a,., of the slipped ferrite, the adjacent interfacial cracks link up and convert into
a cast iron crack by fast shearing or coalescence of voids along the slipped planes, as shown in Fig. 2.c and
3.a. Afterwards, with increase in load crack tip opening and blunting accompany ferrite deforming around
crack tip. Meanwhile, in front of it, many interfacial cracks and even secondary cast iron cracks may be
nuclcate. The cracks connect with the main crack by fast shearing or void coalesecence along slip planes of
ligaments between cracks leading to a cast iron crack propagates forward in a big jump, as shown in Fig.3.b
and c. Crack propagation in this way keeps on till final fracture.

CONCLUSIONS

Different mechanical behaviour in both sides near interface between G and m leads to interfacial stress con-
centration o,.. arising from their incompatible deformation. The 0,.. and weak bond of G—m interface
cause crack to initiate first at the interface rather than the notch stress concentration arising from graphite
regardedd as void causes that. Therefore, graphite nodulizing does not delay or affect crack initiation.

Graphite nodulizing affects interfacial crack propagation to be changeable in direction and slowed down due
to the effect of G—m interfacial crack deflection. After graphite cracked, ferrite matrix in cast iron can be fully
plastically deformed and fully brought into play in strain strengthening due to interfacial crack deflection ef-
fect and inerease in fracture toughness to avoid britile fracture owing to decrease in area to cut matrix and
stress ation and i in bonding energy between fracture surfaces by graphite nodulizing.

Nodular iron fracture consists of G—m interfaial cracking, cast iron crack formation by connecting matrix
arack with G—m interfacial crack and crack propagation in such a way that primary cast iron crack to connect
with secondary one in front of it and cast iron crack to propagate once by leap and bound. It carrys on till fi-
nal fracture in nodular iron.
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