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4.2 WMRANURE 30WI%Cr-2.4wt%C-0.5Wt%Mo-(1-3wit%)V

1.

TANAFINI9ANIATEIMENNAD 30Wt%Cr-2.4wt%C-0.5wt%Mo-(1-3wt%)V Ustnausaeimulass’
realeflsgugf uazlnssniagiinAnialsznaudasgdinfinmeslsdfuazyfinfnanflud
M,C, nrufuannsauannfeuiinadalaraiqaniaien

n1sANEMaL Electron Probe Microanalysis fiugiuléidn Mo ﬁzmﬂaq'ﬁ’q'lumw'initﬂﬂﬂsﬁ'ua:
guindinAflust dou v douluniazarsaglugindinanfiue

dndoulne FunmrresgiinAnenfluseglutog 20-25 vol% uazlunscin il Mo Huwuattiud
FumuMnANTuTe i V daulunsiiidl Mo AuusnsneiiindnAnyties
msAnerfnqaniAuAan B nATEULLLESHTY nuayn1Arlud M,C, uaen nrzane
agial N unvizndinesles uaznuayMARTavgRTsuwazTIAENgY TUiAd e Fadn
vnaziflunguraseynafianazneuationiu farindeeg luszuinanisAnedion Electron

Energy Loss Spectrometry fanrfiuuuugninfsniruresdifnasau
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4.1 WMANVAD 30WI%Cr-2 4wt C
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VGERE
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qmuqﬁ&u 1
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o of 30%Cr-2.4%C Cast Iron
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" Department of Industrial Chemisies | aculn ol Scrence. Cliang Mar University, Thailand
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High chronmum cast nons contimmg 300 and 2 490C are used for abrasion o
corrosion resistance m wet wear appheations. Their microstructure in the as cast condition
consists of primary austenite dendinte, cutectic austenite (pactiy transtormed (o nuartensite) and
cutectic carbides (M .C ol The abrasion resistanee and  tracture toughness of these llovs
depend on the type, morphology and distiibution of the catectie carbide and the supporting
matnx. I some appheations the austenite matrexhas limited abrision resistance but lhln: can be
improsed by heat treatment (o provide a martensite mateix. This heat treatment s called
“destabilisation™ and coables carbon and chronmuirm in the austenite matnx o precipitate s
secondary carbudes. After cooling, the microstructure consequently consists ol entectie s.';u'bulc
(M:C1) and sccondary carbrdes watlun o martensite: madrix together with some retirined

austemite.

In this study. as cast 30%.CT - _ putii ranee
of 900-1025 C for tmes of 2-8 hours, followed by air cooling to room temperature. Vickers
of the resullant martensite nnrces were

2400 cast iron was destabilised in the temperature range

macro-hardness  and  Vickers  nucrolardness ) . .
mwasured. ANicrostructcies were stndied h_\- I|_uhl NNCrascapy and scanning L‘h..'L‘“'l'll'I nm'rnscnp-}
(SEM)Y, Volumie tractions ol secondary cathbides and MO, n l.‘l.lIL‘\'llt.' vitrbades ‘\\' Ll'ltt
deternaned trom SEA nocrographs 1 he distribunion of secondary \'i“'l’“l'j'-'" Wil L.“-"'IP-I-”T' {‘_'\_
measuring number per umt area of sceondary ‘_-‘-”-l"llll.lu_'i_ i\lurphulugui.\-_ nl. 5(-1-(1‘[3('\;!.?_\‘ ;‘.‘I‘I”::; :,:
were cube, discrete-rod on plite-like shapes (e m Figore 1) A duples s.lruc.nm. ‘ \| | tl "

the cuteenie cartudes as showan tn Pigare 20 Highe dL‘hli.lhlll.\;llnlll 'IIL'III[‘IL‘I‘.IHII&N‘l‘LlhlI-l-L’( |”T
coarser secondary carbide struciures with higher solume dractions (l-l_-_:u“- _lal hut ltl.ilu'.l(l :I:k
number per unt arca of secondary carbides (Figure 4). l"”-‘-""_" ‘l“"‘\l“hl:""_'l'll_'_‘_:"”l'l.":t_:umlm_:_
range used 1 the experiment ended o merease |I|¢‘ nu.mlul.pt: I;III 'g ) ‘”.UI"\1__[:
carbrdes, but hus no sionticant effeet on their solume fiaction. Fhe sobume fractn A7,

as i eased » estabilisatie
within duplex strucime of cutectie carbides was also ncrcased Il\ Illu © ‘h““ ;m "
. ’ - I S P ar o s . .
te T s and s were mereased (D gure 51 Phe resolts front macrohazdness e
cmperature and omie were vreas t At higher destabilisation

.. . crostructut]l  absers ations, !
Agure Orre «d with the nnerostructu ' . : N N
(Figure 6) corresponded witl e due 1o volume fraction of sccondary carbides

- T . . acrohardpess wirs mere ) N . i . .
omperature, the mactohar the manimum mictohardness of the maiey was

within matrix  wus nereased. However, I ahon temperature
obtained at 950 C (Figure 7). Ihe likely explanation s that lonaes ¢1IL hml““;‘.'”] on N |I .

¢ - ' : ) . Caecandary carbades, whaiicas
give a fine distribution and higher nmber per amt arel ": '\.ult_:: tt'w-j\u--cr size ol coirse
higher destabilisation  temperatme,  the secondaty L."nlmfkh]-lt‘-l.hl||~~.'.'|i_;un icmpvr;llur‘c\ vin
distribution. This leads to reduction in nicrohardness. Phehdestabihis

also result in more retumed austenite e g

uenehed structures wlhiele can canlribute o lower

measured hardness.

Effects of Heat Treatment on
Microstructure and Hardness
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Figure 7 The microhardness of 30" oCr irons in heat treated condition.
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An as-cast 30wt%Cr-2.3wt%C cast iron was destabilised in the temperature range of

900-1100 °C for times of 2-8 hours, followed by air cooling to room temperature. The resultant
microstructures were examined using light microscopy (LM), scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). Volume fractions of secondary carbide
within the martensite matrix and of M3Cs in eutectic carbides were determined. Vickers

| macrohardness and Vickers microhardness of the dendritic regions were also measured. It was
found that morphologies of secondary carbide were cube, plate-like shape or discrete-rod. A
duplex core-shell structure was found in the eutectic carbides after destabilisation. It consists of
M;C; as a core surrounding by M»3Cs, while the secondary carbide in these alloys was identified
as MxCs. Higher destabilisation temperatures resulted in coarser secondary carbides with
comparable volume fraction, but less in counts per area. The volume fraction of M3»3C¢ within
the duplex structure was also increased when increasing destabilisation temperature and time.
The results from hardness measurements revealed that the overall macrohardness of the iron was

increased with increasing the destabilisation temperature up to about 770 HV(30kgf/15s) at

1,025 °C, whereas the microhardness of the dendritic regions reached the maximum value of 800

HV(100gf/15s) at about 1,025 °C.

KEY WORDS : high chromium cast iron; destabilisation; microstructure
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High chromium cast irons are widely used as abrasion resistant materials in cement
manufacturing, mineral processing and slurry pumping"”. Their high resistance to wear in these
demanding situations stems from the presence of hard eutectic M;C; carbides in their
microstructures. Most commercial alloys are based on hypo-eutectic compositions containing
between 12 and 30wt%Cr and from 1-3wt%C plus additions of other elements such as Mo, Ni
and Cu to improve hardenability. The most popular alloys, providing cost-effective solutions to
wear problems in many applications, are based on Cr levels of 18-22wt%. Lower Cr irons
containing around 12wt%Cr have lower initial costs but can only be used for less severe wear
situations such as small grinding media. The 25-30wt%Cr alloys have been developed to
provide resistance to the combined effects of abrasion and corrosion in wet grinding and in
slurry transport. For all Cr irons, wear resistance, and mechanical properties in general, depend

on the type, morphology and distribution of carbides, and on nature of the matrix structure*™.

The as-cast microstructure of the 25-30%Cr irons consists of primary austenite dendrites,
eutectic austenite (partially transformed to martensite) and interdendritic eutectic M;Cs
carbide”. The as cast irons posses useful resistance to abrasion under conditions which allow
austenite to work harden'® but have limited fracture toughness. Improved service performance
can be obtained by heat treatments and additional alloying to provide harder, more wear resistant

martensitic matrix structures or to obtain austenitic matrices with improved crack propagation

resistance?4%®,

Conventional heat treatment involves heating castings to and holding at 950-1050°C,

followed by air hardening and tempering. The holding period is called "destabilisation”, since it
allows carbon and chromium in the austenite matrix to come out of solution as precipitates of

secondary carbide™"1?. This lowers the alloy content of the austenite, raising the Ms

temperature and thus enables the austenite to transform to martensite on forced air—t_:oolmg. The

3
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resultant microstructure consists of eutectic carbide (M,C;) and secondary carbides within a
martensite matrix together with some retained austenite. Single, or sometimes double, tempering

treatments are then used to temper the martensite and to reduce the amount of the residual

austenite'?.

The nature of secondary carbide formation has been the subject of several studies''"!”. It
has been shown that the secondary carbides do not nucieate and grow on the eutectic carbides
but form separately within the original dendritic regions'"'*. The secondary carbides in 15-20%
Cr irons have been identified as M»Cs and as M>3C¢ in 25-30%Cr irons>'*"'. Destabilisation
treatments do not appear to have any significant effects on the form of the eutectic carbides in
irons containing up to about 28%Cr. However at the 30%Cr level destabilisation treatments do
affect the eutectic M,C; carbide, causing it to partially transform to M»;Cs carbide. Under TEM
examination this M>;Cs carbide can be recognised as shells surrounding the M;C; cores. Unlike
the highly faulted M;C3, the M23Cs is free from stacking faults but does contain dislocation
networks and grain boundaries'*!*'®. This structural change in the eutectic carbides could be
part of the reason for an observed lack of improvement in high stress abrasion resistance of 30%
Cr iron after a conventional hardening heat treatment in which the micro-hardness of the

dendritic regions was increased to 800 HV compared to 500 in the as-cast condition, but the

. . . . 2)
wear abrasion resistance did not improve™.

Although some TEM characterisation of 30%Cr irons had been performed during

previous work>!>'® no attention was given to the effects of heat treatment variables on the

M;C; to M»3Cs transition in the eutectic carbides. Hence the objective of the present work is to

study how variations in destabilisation temperatures and times can influence this transformation

and other microstructural aspects of a 30% Cr cast iron.
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2. MATERIALS AND METHODS

2.1. Materials Preparation and Heat Treatment

A 30wt%Cr-2.3wt%C high chromium cast iron was prepared by melting a charge based

on low Si pig iron and ferroalloys in an induction furnace. The molten iron was cast at a pouring
temperature of 1500 °C into a CO; silicate sand mould as cylindrical bars with a diameter of
’ 2.50 cm. The chemical composition of the as-cast alloy is shown in Table 1. The bars were then
~ sectioned as specimens with a thickness of about 1.50 cm. These as-cast specimens were heat
treated (destabilised) in a muffle furnace at the temperature range of 900-1100 °C for times of 2-

8 hours, followed by cooling to room temperature in still air. A controlled atmosphere was not

used.

(Please insert Table 1 here.)

22. Sample Preparation for Microstructural Investigation

Specimens for light microscopy (LM) and scanning electron microscopy (SEM) were
ground on silicon carbide papers down to 1,000 grits and then polished with 6, 3 and 1 pm
diamond paste. The etchants used were (i) Murakami's reagent, containing 10 g potassium
ferricyanide and 10 g potassium hydroxide in 100 ml distilled water and (ii) 4 g potassium

permanganate and 4 g sodium hydroxide in 100 ml distilled water. The microstructure was

studied using an Olympus BX60M optical microscope and a JSM-5410LV scanning electron

microscope equipped with secondary and back-scattered electron detectors. The scanning

electron microscope was operated at 70 kV and a working distance of 14 mm from the objective

lens pole piece. Thin foils for transmission electron microscopy (TEM) were prepared by

sectioning heat treated specimens, perpendicular to the axis of the as-cast cylindnical rod, by a

CBN saw to obtain thin slices with thickness of about 200 pm. Both sides of the slices were then

ground manually on silicon carbide papers down to 1,200 grits to reduce the thickness to about

80-100 um. 3 mm discs were punched out and then thinning by a Struer, Tenupol-3 twin-jet

5



| electropolisher operated at 20-26 V, 22 °C and approximately 0.1 A, using 10 vol% perchloric
scid in acetic acid as an electrolyte. Thin foils were examined by a JEOL JEM-1200EXI]]
transmission electron microscope operating at 100 kV. Fig. 1 schematically illustrates the

sample preparation procedure for LM, SEM and TEM.

(Please insert Fig. 1 here.)

2.3. Quantitative Metallography

The volume fraction of the secondary carbide within the matrix was determined by point
counting choosing only those particles which were greater than 0.2 pm. To obtain this
information, an intercept plan was superimposed on the enlarged SEM micrographs. The

spacing distance of the plan is equivalent to 0.3 pm. The mean value is based on ten different

arcas.

The distribution of the secondary carbide was compared by measuring counts per area
(Cs/100 pm?) of secondary carbide particles. The area was calculated from the micron bar on

SEM micrographs. Only the particles which are greater than 0.1 pm were counted. The mean

value is based on ten different areas.

The mean value of the volume fraction of M23Cs in duplex structure of eutectic carbides

was also determined from SEM micrographs using the same procedure.

2.4. Hardness Measurement

The specimens prepared for LM and SEM were also used for the hardness
measurements. Vickers microhardness of the dendritic regions was measured on etched
specimens using 100 gf load and |5 seconds indenting time. The mean values are based on
twelve different indentations. A Galileo microhardness tester was utilised in this experiment.

Vickers macrohardness testing was performed on non-etched specimens using 30 kgf load and
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15 seconds indenting time. The mean value are based on sixteen different indentations. A

Brooks hardness tester was used in this experiment.

3. RESULTS AND DISCUSSION

3.1. General Observation on Microstructure

The microstructure in the as-cast condition consists of primary austenite (y) dendrites
with a eutectic structure (eutectic austenite partially transformed to martensite and eutectic M;C3
carbide) as shown in Fig. 2. After destabilisation heat treatment, as shown in Fig. 3, the
microstructure of the iron consists of precipitated secondary carbides within a martensite matrix

and possibly some retained austenite, together with eutectic M;C; carbide partially transformed

to M»;Cs.

(Please insert Fig. 2 here.)

(Please insert Fig. 3 here.)

The morphologies of secondary carbides illustrated in Fig. 4 are cube, discrete-rod or
plate-like shapes. The secondary carbide particles in the region close to the eutectic carbides are
apparently smaller than in the region far away from the eutectic carbides. This precipitation
characteristic can be attributed to the segregation of carbon and chromium to the outer regions of

the dendrites as they grew during solidification'>'?. Higher destabilisation temperatures resulted

in coarser particles as seen in Fig. 5.

(Please insert Fig. 4 here.)

(Please insert Fig. 5 here.)

After destabilisation, a duplex structure was found in the eutectic carbides. It is thought

that a thermodynamically more stable M;3Cs replaced ‘the metastable M;C; carbide during

destabilisation heat treatment. Therefore, the duplex carbides consist of M Cs shells

surrounding eutectic M;C3 cores as clearly seen under backscattered electron mode in Fig. 6. At

7
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' a particular destabilisation time, the magnitude of transition from M;C; to M»3Cq in eutectic
_ carbides was increased as the destabilisation temperature was increased. This can be seen in Fig.
7 where the outer regions of eutectic carbides, i.e. M;Cg were preferentially etched out by the
etchant, leaving islands of eutectic M;C; as cores. It should be noted that the etchant in this case,
! which is 4 g potassium permanganate and 4 g sodium hydroxide in 100 m! distilled water, is
'Ll superior than Murakami's reagent in revealing such a duplex structure.

(Please insert Fig. 6 here.)

(Please insert Fig. 7 here.)

3.2 TEM Examination
Results from TEM examination revealed that the dendritic matrix after destabilisation is
martensite (a’). The results confirmed the duplex core-shell structure of the eutectic carbides

formed after destabilisation, as shown in Fig. 8. The two carbides are clearly distinguished since

faulting contrast is observed only in the M;Cs. Pearce®'® reported that this contrast in the

hexagonal M,C; is believed to result from the presence of stacking faults or twins.

(Please insert Fig. 8 here.)

Secondary carbides precipitated within martensite matrix are shown in Fig. 9. The
corresponding selected area diffraction pattern confirms that they are M2;Ce as reported
previously'®. It has also been reported3"5’ that secondary carbide does not precipitate on the
eutectic carbides but formed preferentially within the dendritic matrix and this is again
confirmed by the TEM investigation in this study. A doubt could then been asked why such a
heterogeneous site as eutectic carbide/dendritic primary austenite interphase boundaries did not
act as a preferential site for secondary M2Ce carbide. The likely explanation is two folds.
Firstly, the formation of the M23C¢ carbide as a shell of M,C; carbide along the eutectic structure
is perhaps a peritectoid type consuming both M7C; and the adjacent austenite matrix. Secondly,

the formation of the My3Cg may not only a result from the M7C3-M33C¢ transformation alone,
8
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but also from the secondary precipitation from the adjacent austenite matrix. After nucleation,
probably on M;Ci, those grains of M»;Ce carbide shell should be able to grow also into the
dendritic primary austenite during the destabilisation heat treatment by diftusional growth and
elements i.e. Cr and C could be conveyed between the M2;Cy, shell and the dendritic austenite
vig. interphase boundary ditfusion or cven volume ditlusion. Schematic illustration of the
formation of M1:C, is given in Fig. 10. The moving interphase boundary as such is theretore not
a preferential site for nucleation of a new grain ol secondary M,C, carbide. However, more

evidence is necded betore any conclusion can be drawn.

(Please insert Fig. 9 hwere.)

(Please insert Fig. 10 here.)

3.3. Quantitative Metallography

Effects of destabilisation conditions on the volume fraction of sccondary carbides were
shown in Fig. 11(a). The volume fraction of sceondary carbide formed after destabilisation

conditions used in this experiment is in the range of about 10-20 vol%. ‘The deviation of the

volume fraction of secondary carbides at different destabilisation conditions was within the crror

limit. Therefore, destabilisation temperatures and times in the range used in this experiment have

seemingly no significant effect on the volume fraction of the sccondary carbide.

The distribution of sccondary carbide was compared by measuring number per arca of

secondary carbides. Higher destabilisation temperatures reduced  the number per arca of

secondary carbides. For example, the counts per 100 |.l.l1‘l", at 900 C is about a factor of three

comparcd to that at 1.025 9C. This can be attributed to the thermodynamic effect on enhancing

nucleation rate at lower destabilisation temperature. ‘The results are also in agreement with the

microstructural examination shown in Fig. 5. where, at higher destabilisation temypserature,

coarser secondary carbide particles and their agglomerate were observed prelerentially on

heterogeneous sites. Even it is not clear. longer destabilisation times at the destabilisation

S
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temperature up to 950 °C tend to increase the number per area of secondary carbides. as can be
seen in Fig. 11(b). However, at higher destabilisation temperatures, the reverse effect is

observed and this could result from coarsening or Ostwald ripening of the secondary carbide

particles.

From Fig. 11(c), the volume fraction of M,3Cs within the duplex structure of eutectic
carbides in this experiment is in the range of 20-99 vol%. It was increased as the destabilisation
temperature and time were increased and, at a longer destabilisation time. tended to reach a

limited value which could possibly be close to the equilibrium value at a particular temperature.

3.4. Overall Macrohardness and Microhardness of the Dendritic Region

Fig. 12(a) and 12(b) illustrate the microhardness within the dendritic regions and the
overall macrohardness as a function of time and temperature of destabilisation, respectively. The
hardness values of the as cast iron are also shown. Destabilisation heat treatment of this iron
increased the microhardness of the dendritic regions from about 426 up to about 800 HV
(100g£/15s) and the overall macrohardness from about 510 up to about 770 HV(30kgf/15s). This
is comparable to what has been reported previously”’. The macrohardness was increased as the
destabilisation temperature increased up to 1,025 °C, while the microhardness of the dendritic
regions reached the maximum value at 1,025 °C for 4-6 hours. This behaviour is complicated
because many factors get involved including volume fraction of secondary carbide, their
distribution, the different properties of martensite formed. and the amount of the retained
austenite at a particular temperature. Precipitation of the secondary carbide is a hardening effect
for the dendritic regions. However. this factor have to counteract with others leading to
softening effects for the dendritic regions e.g. the softer martensite when it is less in carbon due
to the higher volume fraction of secondary carbides precipitated, and possibly the more retained
aumen;te in air quenched structures at high destabilisation temperatures’’. The compensation

between these factors could result in an optimum destabilisation condition giving the maximum

10
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microhardness of the dendritic regions at 1,025 °C. The explanation for the overall

macrohardness is even more difficult since we needs to take also the structure and properties of
the eutectic carbides into account. The results suggest that the formation of duplex core-shell
structure of eutectic carbides with higher volume fraction of the M>3C¢ shell could also act as
another softening factor for the destabilised 30wt%Cr-2.3wt%C iron, because the overall
macrohardness at a particular condition is generally lower than that of the microhardness of the
dendritic matrix, especially at higher destabilisation temperature with higher magnitude of
M;C;-t0-M33;Cg transformation. Further study should be carried out on quantifying the amount of

retained austenite and of dissolved carbon within the martensite matrix.

(Please insert Fig. 11 here.)

(Please insert Fig. 12 here.)
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4. CONCLUSIONS 000:2

(1) Destabilisation heat treatment of a 30wt%Cr-2.3wt%C high chromium cast iron in the
temperature range of 900-1100 °C for 2-8 hours led to precipitation of secondary M,3Cg
carbide with the volume fraction and the number per area in the range of 10-20 vol% and
30-200 Cs/100 pum?, respectively.

(2) Higher destabilisation temperatures resulted in coarser secondary carbide precipitated
preferentially at heterogeneous sites with comparable volume fraction, but lesser number per
area.

(3) M;C; eutectic carbide transformed to M3;C¢ carbide during destabilisation heat treatment
forming a core-shell structure. The volume fraction of M3;Cs shell is in the range of 20-99
vol%, increasing with destabilisation temperature and time. Formation of this M»3Cq¢ shell is
believed to be either a peritectoid type or a result of not only the M;Cj-to-M2:Ce
transformation, but also the secondary precipitation from dendritic primary austenite.

(4) Destabilisation heat treatment raised the microhardness of the dendritic regions from the as-
cast condition of about 426 up to about 800 HV(100gf/15s). The maximum microhardness
of the dendritic regions was obtained at 1,025 °C with the value of 800 HV(100gf/15s).

(5) Destabilisation heat treatment conditions used in this experiment increased the overall

macrohardness of the 30wt%Cr-2.3wt%C iron from the as-cast condition of about 510 up to

about 770 HV(30kgf/15s).
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Table 1. Chemical composition of the high chromium cast iron.
Element C Cr Si Mn S P Ni Cu | Mo Al
(wt%) 226 [ 2998 | 0.52 | 030 [0.013|0.025]| 030 | 0.02 | 0.08 | 0.009

00022
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Fig. 1. Sample preparation procedure for LM, SEM and TEM.
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Fig. 2 Typical microstructure of the as-cast condition. y denotes the dendritic austenite.
ig. 2.
(a) LM (b) SEM (Etchant : 4 g potassium permanganate and 4 g sodium hydroxide in 100 ml

distilled water)
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Fig. 3 Typical microstructure after destabilisation heat treatment. (950 °C for 8 hours).

(a) LM (Etchant : Marakami's reagent) (b) SEM (Etchant : 4 g potassium permanganate and 4 g

sodium hydroxide in 100 ml distilled water)
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Fig. 4. Secondary clectron images show morphologies of secondary carbide  atter

destabilisation. (a) 4 hours at 950 "C and (b) 6 hours at 1025 °C. (litchant :

permanganate and 4 g sodium hydroxide in 100 ml distilled water)

4 g potassium
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S dary electron images show the effect of destabilisation temperature on size
Fig. §. econdary
. o o 4
d distribution of secondary carbide: destabilisation at 900 °C (a), 950 °C (b), 1025 °C (c) an
and distribution :

: i d 4 g

sodium hydroxide in 100 ml distilled water)
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Fig. 7. Secondary electron images show the effect of destabilisation temperature on the
magnitude of transition from M;C; to M:Ce (preterentially etched out): destabilisation at 900 *C
(a). 950 °C (b). 1025 °C (¢) and 1100 °C (d). Holding time is 8 hours for all. (Etchant : 4 g

potassium permanganate and 4 g sodium hydroxide in 100 ml distilled water)
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Fig. 9 (a) A bright field TEM micrograph shows secondary carbide particles within the
martensite matrix after destabilisation. o’ denotes the martensite matrix. (b) A corresponding

selected area diffraction pattern from a particle of secondary M;:Cq carbide. (900 °C, 6 hours)
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Fig. 11. Effects of destabilisation conditions on (a) volume fraction of secondary carbide, (b)
counts per 100 um? of secondary carbide and (c) volume fraction of M3C; in eutectic carbides.
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ABSTRACT.

High Chromium Cast Irons are one of the main groups of alloys employed to produce
cast wear parts. They are extensively used in many industries including mining, coal and
mineral processing, cement production, dredging and slurry transport. They are used for
many kinds of cast parts ranging from small 10mm diameter grinding cylpebs to much
larger castings such as pump bodies, and roller and table segments for roller crushers. For
many applications these irons need to be given hardening and tempering heat treatments
to develop their optimum resistance to wear and impact loads in service, they may also
need to be annealed to allow tool machining prior to hardening.

The physical metallurgy underlying the development of cast microstructures in these
irons, and their structural modification by thermal treatments is relatively complex.
Structural characterisation via electron microscopy therefore has a key role to play in
furthering our understanding of the phase transformations that control their
microstructures and hence their service performance as wear parts.

This paper shows how both Scanning and Transmission Electron Microscopy and their
associated micro-analytical techniques can provide valuable information not only on the
nature of eutectic and secondary carbides and matrix structures in these irons but also on
their behaviour during wear and corrosion. Particular attention is given to current
research on the M;C; to M13C¢ transformation in eutectic carbides during the heat
treatment of 30%Cr irons that have been developed for applications involving corrosive

wear e.g. slurry pumps.

INTRODUCTION.

The wear and fracture behaviour of High Cr Cast Irons depends on the type, proportion
and morphology of hard eutectic and precipitated carbides within their microstructures
and on the nature of the supporting matrix (1,2). The carbide types known to be present in
the Fe-Cr-C systemn are M3C, M7C3 and M23C6 (3,4). Additional carbide formmg
elements such as molybdenum, manganese and vanadium are soluble in both M3C and in
M7C3, and they may also give rise to other types including M2C and 'M.6C. Ele{nen.ts
such as nickel and copper have little solubility in the carbides and remain in solution in
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the matrix. Togetl!er _with Mo, Cu and Ni are used to increase hardenability during heat
treatment or to assist in the formation of as-cast austenitic matrix structures (5,6).

Most commercial wear resisting irons are hypo-eutectic and hence solidify as primary
austenite dendrites followed by a eutectic of austenite + M7C3. In irons containing less
than 12% Cr M3C carbide with a hardness of around 1000Hv is present, below about 6%
Cr this carbide is in a continuous form and the irons have reduced toughness. At 8-10%
Cr the eutectic carbides become duplex, consisting of M7C3 and M3C, and less
continuous, (7). Above 12% Cr the eutectic carbide is completely M7C3, this is fibrous
with reduced continuity and has a higher hardness of around 1400-1600 Hv providing
improved fracture toughness and wear performance when compared to the lower Cr
irons. The eutectic carbide morphology in a 5% Cr and in a 30% Cr iron can be compared

in Figure 1.

In high Cr irons the austenite formed on solidification may be retained on cooling in the
mould or it may partially or fully transform to ferrite and carbides (secondary and/or
pearlitic) or partially transform to martensite depending on composition and cooling rate.
Austenitic structures are promoted by faster cooling rates, by high Cr/C ratios, and by Ni,
Cu and Mo additions. Due to local C and Cr depletion adjacent to the eutectic carbide
there is always some transformation of the eutectic austenite to martensite in as-cast

austenitic irons, as illustrated in Figure 2(a).

In some applications as-cast austenitic irons can be used without any hardening heat

treattnent since the austenite can work harden to provide self-replacing wear resistant

surfaces in a similar manner to high Mn steels. However in most cases the irons need to

be heat treated (8,9):

e To soften the casting for machining e.g. for roller tyres and pump parts. This
produces pearlitic and secondary carbides in a ferrite matrix, lowering hardness levels
down to 350-400Hv.

e To harden via destabilisation treatment (at 950-1050C), air quenching and tempering
(at 450-550C). This gives a distribution of secondary carbides in a tempered
martensite matrix with small amounts (ideally <5%) of residual austenite: hardness
levels are 700-850Hv. Secondary carbides are seen in Figure 2(b).

e To improve toughness by high temperature treatment at 1130-1180C. This produces a
controlled amount of secondary carbide precipitation in a fully austenitic matrix and
provides fracture toughness levels of 40-45 MPavVm as against 20-30 MPaVm for as-

cast or normally hardened irons (10,11)

To further develop alloy compositions and heat treatments for cast wear parts the_fine
scale microstructural features introduced above must be accurately charactensed.
Although wear damage (12-14) and fracture behaviour (15-17) have bc_een s_.tudied
extensively by scanning electron microscopy (SEM) there has been less attention given to
microstructural characterisation by SEM and by transmission electron microscopy (TEM)
and their related micro-analytical techniques. TEM investigation has been re_strictt_:d by
the difficulties in producing satisfactory thin foil specimens _in which the{e is uniform
thinning of both carbide and matrix constituents (18-21). Specimen preparation and some
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of the theoretical aspects of the use of electron optical techniques to study carbides are
covered in a previous paper (22), the present work concentrates on the application of EM
techniques in furthering our understanding of microstructure-behaviour relationships in
high Cr irons. Some novel work on the application of Electron Energy Loss Spectroscopy
(EELS) in the identification and analysis of carbides is also introduced.

To foundries EM techniques may seem far removed from castings production but they do
provide the only means by which the high resolution imaging, structural analysis (via
electron diffraction) and chemical analysis (via X ray spectroscopy) that are needed for
complete structural characterisation of these complex irons can be obtained.
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