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Fracture toughness of high-chromium white
irons: Influence of cast structure
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The fracture toughness of two high-chromium white iron alloys in the as-cast condition has
been investigated. Fracture toughness test pieces were extracted at various orientations
relative to the columnar macrostructure. The toughness of a 27 Cr white iron alloy was very
sensitive to orientation, and the toughness was much larger when the crack propagated in
a direction perpendicular to the long dimension of the eutectic carbides. The toughness of
the 15-3 Cr-Mo white iron was insensitive to the orientation. The different fracture
behaviour of the two alloys was related to the anisotropy of the eutectic carbide structures
in the as-cast material. The limitations in applying quantitative data on the eutectic carbide
structure to models of fracture toughness in white iron alloys were illustrated.
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1. Introduction and the alloy composition. Further, metallographic ex-
The excellent abrasion resistance of high-chromiumamination has suggested that many aspects of the car-
white iron alloys is due primarily to the presence of bide network (e.g., carbide size, inter-carbide spacing,
hard primary and/or eutectic carbides in the microstrucmorphology) are different for each orientation relative
ture [1, 2]. These carbides, however, also play a criticato the columnar structure [10]. The question arises,
role in the fracture behaviour of white iron alloys, and then, as to how the fracture behaviour and measured
the toughness deteriorates as the proportion of carbiddgacture toughness vary with orientation relative to the
in the structure increases [3]. Since a high proportiorcast columnar structure. This study examines the frac-
of carbides in the structure are required to maximisgure behaviour and fracture toughness of two high-
the abrasion resistance, many researchers have sougiiiromium white iron alloys (15-3 Cr-Mo and 27 Cr
to improve the toughness through modifications to thg11]) in the as-cast condition. Fracture toughness spec-
carbide structure [4, 5]. The carbide attributes whichimens were extracted from the cast material for three
have been manipulated in an attempt to improve tougherientations of the expected crack growth direction rel-
ness include volume fraction [3, 6, 7], carbide size [5]ative to the columnar structure. The chevron-notched,
and inter-carbide spacing, and carbide morphology andhort-bar toughness test was used to measure fracture
shape [4]. These studies have found, with varying detoughness [12]. Metallographic observations and quan-
grees of success, that the toughness of high-chromiutitative analysis of the carbide structure were applied to
white irons may be improved by decreasing the proporexisting toughness models for white irons and used to
tion of carbides in the structure, decreasing the carbidéterpret the observed fracture behaviour.
size, increasing the inter-carbide spacing, and globular-
ising the carbide shape.

For many components produced from white iron
alloys, a columnar grain structure is formed. In this2. Materials and test methods
columnar structure, the eutectic carbides are usuallffwo high-chromium white iron alloys were melted in
aligned so that the long axis of the carbide rods is paran induction furnace and cast into sodium silicate—
allel with the direction of heat extraction (i.e. perpen- CO, bonded sand moulds as blocks of 20(bx22
dicular to the cast surface). Laird and Dogan [8] havemm?. The pouring temperature for both alloys was ap-
shown recently that the notched impact fracture enproximately 1450C. The chemical compositions of the
ergy of high-chromium white irons, measured using aalloys, determined using optical emission spectroscopy,
single-blow drop-weight test [9], is influenced by the are given in Table I. The bulk hardness of each alloy is
macrostructure of the cast material. The macrostrucalso given in Table | [10]. The macrostructure formed
ture may be determined by such factors as the castn the cast blocks was columnar and is represented in
ing geometry, presence of chills, the pouring superhedfig. 1.

0022-2461 © 2000 Kluwer Academic Publishers 2069



TABLE I Chemical composition (wt.%) and bulk hardness gd\of - (Py,) is measured, and the short-bar fracture toughness

high-chromium white iron alloys (K,m) determined according to the equation:
Hardness .
Alloy C Cr Si Mo Mn Ni Fe (HV)? K PmY (1)
m = ——
27Cr 25 283 07 — 08 02 rem 51914 BvW
153CrMo 31 148 06 32 06 — rem 58715

Where B =specimen width (normally 13.5 mm),
aMean+ standard deviation W =specimen length to load liné/* =compliance
constant£ 25.11 for geometry used [12]).

Following testing, the fracture surfaces were exam-
ined in the scanning electron microscope (SEM).
L] Metallographic characterisation of the eutectic car-
] bides in the plane of the chevron-notch for each test
| | | :IH—‘—‘—J— | _ piece orientation was performed (Fig. 1). The cast
LN | L | | | |~ blocks were sectioned using a water-cooled abrasive

/“ “ \ cut-off wheel, mounted in bakelite, and ground and pol-
45 1 ish_ed using c_onventiorja}I metallographic techniques to
a final 3um diamond finish. The samples were etched

Figure 1 Schematic illustration of the cross-sectional macrostructurein Marble’s reagent for up to 6 minutes. Quantitative
of the cast blocks of as-cast 27 Cr and 15-3 Cr-Mo white iron alloys.analysis of the eutectic carbides in each alloy and for
The Iocgtion of the shor_t-bar fracture toughness test pieces, defined gsqch orientation was carried out using image analysis
orientations S, L and 45is also shown. [10]. Image analysis requires high contrast between the
phases to be discriminated (in this case, the carbides

\I|\|||\“F--|‘T|

|

Load _— from the matrix). Etching in Marble’s reagent dark-
+ line ened the matrix, while the eutectic carbides were not
,J T attacked, and remained white. This etching produced
God-— - T— sufficient difference in th@rey levelof each phase to
knife | specimen & | —;?: discriminate using image analysis. The area fraction,
RN i average size, number of carbides per unit area and as-
! ‘ Wex pect ratio of the cross-section of the eutectic carbides
l:‘=' ‘ T was determined from 50 fields for each alloy and ori-
— G-, | o B entation [10]. The size is defined as the diameter of a
: circle of equal area to the carbide.
clip gauge =
i " w
ores Section C-C 3. Resu'_ts .
+ e 3.1. Variability of short-bar fracture
5 mm
a, 6.49 mm toughness test
e AL Variability of six replicate tests of the 27 Cr alloy in
Wix 20.93 mm orientation S is given in Table Il. The me#q,, was
Figure 2 Loading arrangement and the dimensions of short-bar fracture26-6 MPa/m, while the coefficient of variation was
toughness test pieces. approximately 10%. This suggests that the repeatability

of this test, for the S orientation of the 27 Cr alloy, is
good, and comparable with that obtained with other
Short-bar fracture toughness test pieces were mamnaterials [14].
chined from the cast blocks to the dimensions shown
in Fig. 2. The orientation of the test pieces was chose%_z_ Effect of orientation on fracture
so that the expected crack growth direction (the plane

of the chevron-notch) was parallel (S), perpendlcular.l.he fracture toughness results for the high-chromium

g(_))l Or:qﬁ;fgt?nglerg?_gg tlg(éa%.rngg} ?r:r:fggtn 9;22 .nwhite iron alloys, 15-3 Cr-Mo and 27 Cr, inthe S, L and
u ucture. : : est pi "5 orientations are given in Table Ill. The maximum
the cast blocks is shown schematically in Fig. 1. All

) . load andK,,, calculated according to Equation 1 are
fracture_ toughness tests were carried out using a Ser_v%'resented. Th,,m values for the L orientation are not
hydraulic load frame under displacement control. A cli o

auge mounted on knife edaes across the loadin ripstrictly valid results owing to extreme crack deviation
gaug 9 9 9"B¥om the notch plane. Nevertheless, it is evident that

was used to monitor displacement. The loading arrang&y . 1o 27 Cr alloy the fracture toughness is lowest
mentisillustrated schematically in Fig. 2. The displace-

ment rate was 0.25 mm/min, and the fracture toughness

was determined bynaximum load analysifl2]. Due TABLE |l Repeatability of short-bar fracture toughness test

to the elastic behaviour of high-chromium white irons,
the maximum loadechnique has been shown to yield Alloy Kivm (MPa/m) meant sdev
the same results as the unloading technique that incot:, . ©)
porates a plasticity criterion [13]. The maximum load

toughness

259 252 316 240 255 275 2687
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TABLE 1Il Maximum load Pn) and apparent short-bar fracture Macrographs of the fractured specimens in the S,

toughnesskK;,m) for various white iron alloys and orientations 45° and L orientations are given for the 27 Cr and 15-3
Apparent fracture Cr-Mo white irons in Fig. 4. The fracture path for the S
Maximum load,  toughnes,m orientation in the 27 Cr alloy (Fig. 4a) is relatively flat,
Alloy  Orientation  Pp (kN) (MPa/ m)y and coplanar with the chevron notch. The L orientation
orer s Lo5 250 266) for th_is aIqu (Fig. 4b), however, _shows severe macro-
189 25 2 7 scopic deviation of the crack. Atfinal fracture, the crack
237 31.6 path is perpendicular to the plane of the chevron notch.
1.79 24.0 This phenomenon was observed for all three test pieces
1.85 25.5 at this orientation. The 45samples of the 27 Cr al-
) i-gg gﬁ 573 loy (Fig. 4c) showed an initial region of flat, coplanar
414 547 ' crack growth. However, as the crack length increased,
4.00 53.2 the crack deviated from the notch plane at an angle of
45° 3.24 43.4 (42.1) up to 30. The fracture paths for the 15-3 Cr-Mo alloy
3.05 40.7 (Fig. 4d—f) were all macroscopically flat. No crack de-
S 22351 ;g-f (28.7)  viation, even for the samples in the L orientation, was
L 2.45 32.9 (329 Observed. :
248 32.8 Examination in the SEM revealed that the dominant
45° 2.43 32.3 (20.0) feature on the fracture surface of the S orientation of
1.80 25.7 the 27 Cr alloy was long carbides aligned in the di-

rection of crack propagation, as shown in Fig. 5a. The
proportion of eutectic carbides on the surface exceeds
the volume fraction of the bulk material. The rounded,
5 featureless nature of the eutectic carbides on the sur-
face suggests that fracture was predominantly along
L the carbide-matrix interfaces. Small regions of matrix
4 - \>/ R appear on the fracture surface, and exhibit features of
cleavage fracture.
/ \ The fracture surface of the L orientation of the 27 Cr
\ alloy was characterised by two separate regions. The
| initial, stable crack growth region, which was macro-
scopically flat, was microscopically rough, with undu-
| lations. A micrograph of this surface is given in Fig. 5b.
| Fracture appeared to have occurred along the carbide-
/ ” matrix interface, but the carbides on the fracture surface
|
|
!

aMean values given in parentheses.

Load (kN)

were much smaller<{20m). Larger regions of matrix
material were present, with cleavage again appearing to
be the predominant mode of failure. As the crack length
increased, and the crack began to deviate macroscop-
° ' ' ' ‘ ically, the appearance of the fracture surface changed.
0 100 200 300 400 500  As may be seen in Fig. 5c, the length of the carbides
Displacement (um) on the surface increased to between 50 and 160
with ‘steps’ between the carbide lengths. The length of
Figure 3 Load-displacement traces for the L and S orientation sampleghe carbides on the surface was not as long as those
of the 27 Crwhite iron alloy. for the fractured surface of the S orientation. The pro-
portion of carbides on the fracture surface increased as
in the S orientation. The toughness values for the 45the crack length increased and the crack deviated. The
orientation are higher than those for the S orientationfracture surface for the 27 Cr alloy in the*4&rienta-
while the apparent toughness of the L Orientation igtion is shown in Fig. 5d. The length of the carbides on
much greater. Indeed, the apparent toughness values thfis surface was 60—-100m, with steps between each
53-64 MPga/m for the latter far exceed the maximum carbide length.
fracture toughness data for high-chromium white irons The fracture surfaces for the 15-3 Cr-Mo alloy pro-
quoted in the literature [6, 13]. The load-displacementduced similar trends to those observed in the 27 Cr
traces forthe L and S oriented samples of the 27 Crallowlloy, although the difference between the orientations
are given in Fig. 3, and highlight the greater resistancavas not as pronounced as for the 27 Cr white iron.
to fracture of the L orientation. For the 15-3 Cr-Mo in the S orientation, the fracture
For the 15-3 Cr-Mo alloy, there appeared to be verysurface, shown in Fig. 6a, showed regions of aligned
little difference in the fracture toughness for each ori-eutectic carbides of up to 2Q0m in length. Fracture
entation. The toughness values for the L andetten-  appeared to be predominantly along the carbide-matrix
tations appeared to be slightly higher than that of thanterface. The amount of matrix on the fracture surface
S orientation. However, given the limited number of was greater than for the 27 Cr alloy in the S orienta-
tests performed, this difference was not considered ttion. The fracture surface for the 15-3 Cr-Mo alloy in
be significant. the L orientation showed fewer examples of aligned
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S 27 Cr 15-3 Cr-Mo S

(a) (d)

(b) (e)

45° . 45°

(© ®

Figure 4 Macrographs of fractured specimens for the 27 Cr and 15-3 Cr-Mo white iron alloys.

carbides, and the lengths of the carbides on the fractuneerformed using an image analysis technique. Polished
surface were generally less than iZB. The surface, metallographic samples of both alloys were used. The
shown in Fig. 6b, also contained a greater proportiorresults from this analysis are given in Table IV. It can
of matrix than for the S oriented samples. For both al-be seen that the area fraction of eutectic carbides on the
loys and orientations, the matrix appeared to fail by anotch plane of sample orientation does not differ signif-
quasi-cleavage mechanism, as illustrated in Fig. 6¢c. icantly. The equivalent particle diameter also appears
relatively insensitive to orientation, although the L ori-
entation does appear to have slightly smaller carbide
3.3. Analysis of carbide structure particles for both alloys. A difficulty in using particle
Quantitative analysis of the eutectic carbides in thediameter or size as a measure is the large scatter in the
plane of the chevron notch for each orientation wasneasuredresults. Thisis evidentfromthe large standard
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Figure 5 SEM micrographs of fracture surface of the 27 Cr white iron
alloy in (a) S orientation, (b) L orientation (initial crack growth region),
(c) L orientation (deflected crack growth region) and (d)y 48enta-

Figure 6 SEM micrographs of fracture surface of the 15-3 Cr-Mo white
iron alloy in (a) S orientation, (b) L orientation, and (c) illustration of
matrix fracture by quasi-cleavage.

deviation for the particle diameter results, which led to
values of the coefficient of variation of 30-40%. The
measurement of number of particles per unit area varies
significantly with orientation, particularly for the 27 Cr
alloy. As the area fraction of eutectic carbides is similar
for each alloy, an increase in the number of particles per
unitareais anindicator of a structure containing smaller
carbide particles. This is reflected to a limited degree in
the particle diameter results, but again, the large scatter
in these measurements hinders their interpretation.
The theoretical area fraction may be calculated from
the measured patrticle diameters, and differs from the

tion (deflected crack growth region). A ‘step’ from carbide to carbide is Measured area fraction. This is due to skew to the

arrowed in (a).

left in the distribution of equivalent particle diameter

2073




TABLE IV Quantitative analysis of eutectic carbides in high-chromium white iron &loys

Area fractior? Equivalent Particle No. of carbide Aspect
Alloy Orientation (%) diametér(um) particles/mra ratio®
27Cr L 23.6:2.2 4.6:1.7 8185 2.20.9
S 22.3t2.1 5.6t1.9 3440 3.%1.8
15-3 Cr-Mo L 21.9:2.1 5.4:2.0 3300 2.20.9
S 23.742.3 6.5:2.2 1985 2412

3Values are meatt standard deviation.

measurements. This skew was observed for both al
loys, and reduced the apparent difference in equivaler
particle diameter between the various orientations o
the 27 Cr alloy.
The mean aspect ratio for the eutectic carbides in thi
27 Cr alloy was higher in the S orientation than for the
L orientation. In contrast, the results for the aspect ratic
of the eutectic carbides in the 15-3 Cr-Mo were similarf
for both the L and S orientation. For both alloys, the
measurement of the aspect ratio yielded a coefficie
of variation of between 40 to 60%. This is a reflection
of the heterogeneity of the carbide structure in high-
chromium white irons. _
The nature of the eutectic carbide structure was ex
amined qualitatively using SEM observation of material
thathad been deep-etched. The deep-etching technique,
which involved immersion in an aqua regia solution for
up to 3 minutes, dissolves the iron matrix. When ex-
amined in the SEM the three-dimensional characterisjg
tics of the carbide structure become apparent [1, 15]
Samples of the 27 Cr and 15-3 Cr-Mo alloys were sec:
tioned, metallographically ground and polished, then
deep-etched inthe aquaregia solution. The deep-etche =
structures are shown in Fig. 7. Two perpendicular face
corresponding to the planes S and L, are shown fo
each alloy. The eutectic carbides appear rod-like irf & ‘ .
the 27 Cr alloy (Fig. 7a), and mostly blade-like for the ™ e ‘l-\
15-3 Cr-Mo alloy (Fig. 7b). In the 27 Cr alloy, the eu-
tectic carbides appear strongly directional, with thel§
long axis of the carbide rods aligned in the S orien- R 0/00.0.0
tation. The L plane, however, appears to cut the carbide
rods perpendicular to the long dimension. The micro-
graph of the deep-etched 15-3 Cr-Mo alloy also revealsigure 7 SEM micrographs of deep-etched 27 Cr and 15-3 Cr-Mo white
the three-dimensional mature of the eutectic carbideston alloys.
However, the anisotropy of the eutectic carbide struc-

ture was much less than that observed in the 27 Cralloy.. . o
)fngh-chromlum white iron alloys by other researchers

[13, 16]. Tests by Elwell [13] on an as-cast 28 Cr white

ironyielded a coefficient of variation of 4%, while Biner
4. Discussion et al. [16], who measured the toughness of a range of
The variability of the replicate tests on the 27 Cr whitewhite iron alloys, found a coefficient of variation of
ironalloyinthe S orientation was less than 10%. The apless than 4%. Obviously, the repeatability that may be
propriate standard for the short-bar test, ASTM E1304btained will depend not only on the alloys and condi-
[12], makes no mention of an ‘acceptable’ variability, tions tested, but also the fixtures and measuring devices
but the results of a study of the toughness of variousised (e.g., clip gauge, load cell) [12]. The mean value
ferrous and non-ferrous alloys is given. The coefficientof (K,,) determined for the 27 Cr alloy in the S orien-
of variation from these tests varied from about 3 totation (26.6 MPg/m) is comparable to previous results
15%, and as such, the results of the present work woultbr similar alloys [13].
appear acceptable. This suggests that even for a het-The fracture toughness results for the 27 Cr alloy
erogeneous material such as a high-chromium whiteevealed a very strong effect of orientation. The valid-
iron alloy, good repeatability may be obtained with theity of the fracture toughness results for the L orienta-
short-bar test for a given alloy and orientation. Slightlytion is limited, given the gross deflection of the crack.
better repeatability has been obtained with this test foHowever, the maximum loads measuré¥y,) for each

@)

\

‘-

(b)
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indicate a much greater resistance to fracture in thée considered is the connectivity. Powell and Randle
L orientation compared to the S and°4&rientations. [17] have found that higher silicon levels in a commer-
Microscopic observations from the fracture surface re-cial white iron reduced the connectivity of the eutectic
vealed a significant difference in interaction betweencarbides, and this was thought to result in improved
the crack path and microstructure. For the S orientafracture toughness. The deep-etched structures illus-
tion, the large eutectic carbide rods were favourablytrated in the micrographs of Fig. 7 show that the pre-
aligned for the crack to propagate in the plane of thedominant carbide morphology in the 15-3 Cr-Mo alloy
chevron notch along the carbide-matrix interface. Dueappears to be blade-like. The greater connectivity of
to the strongly directional nature of the eutectic car-the blade carbides allows the crack to propagate along
bides in the 27 Cr alloy, a large number of carbidesthe eutectic carbide network and easily move from one
were favourably aligned. The crack was able to prop-carbide to the next. The predominance of rod-like car-
agate with little microscopic roughness. The predom-bides in the 27 Cr alloy would mean that, particularly
inance of eutectic carbides on the fracture surface oih the L plane, a continuous fracture path through the
high-chromium white irons, as found in some of the eutectic carbide structure is not encountered.
fracture surfaces of the 27 Cr alloy in this study, has The effect of orientation relative to the macrostruc-
been observed consistently by other researchers [3]. ture on the fracture toughness of high-chromium white
The 45 orientation in the 27 Cr alloy also fractured irons has received little attention in the literature. Most
primarily along the carbide-matrix interfaces. For thisresearchers have casttheir fracture toughness test pieces
orientation, however, as the crack length increased, theeparately, and therefore have a consistent orientation
carbide rods were no longer coplanar, but rather weref the expected growth direction relative to the cast
at an angle relative to the notch plane. The crack destructure [4, 6, 16, 18—20]. Binet al.[16] used three-
flected so as to follow the carbide-matrix interface, butpoint bend test pieces and the short-bar test, and ensured
a series of steps on the fracture surface suggest thatttiat the orientation was the same for each to eliminate
was favourable for the crack to be closer to the notchany possible anisotropy effects. Maratray [21] recog-
plane. Consequently, the crack would ‘jump’ from onenised that the alignment of the eutectic carbides would
carbide-matrix interface to another, producing the stepaffect the fracture toughness, and that “the formation of
like features observed on the fracture surface. Itis possiarbide masses with a preferred orientation is certainly
ble thatthis macroscopic crack tortuosity, contributed tovery unfavourable to the toughness in the direction of
the improvement in toughness of this orientation com-the preferred orientation.” However, the magnitude of
pared to the S orientation. It becomes obvious from Figthe difference in toughness for various carbide align-
1 that the extent of this phenomenon in thé dBenta- ments was not explored.
tion would be dependent on the precise location of the The work of Laird and Dogan [8], mentioned previ-
test piece relative to the macrostructure. This sensitivityously, examined the influence of macrostructure on the
to location may have led to the greater scatter observedotched impact energy of 15% Cr and 26% Cr white
for the 45 orientation. irons, inthe hypo-, hyper- and eutectic conditions. Their
For the 27 Cr alloy in the L orientation, large results for hypo-eutectic alloys are of most relevance to
favourably aligned carbide rods are no longer presentithe present work, since both the 27 Cr and 15-3 Cr-
the notch plane. The crack in this orientation appears td1o white irons used in this study were hypo-eutectic.
continue to propagate partly along the carbide-matriX_aird and Dogan [8] believed that the improvement in
interface, but also through the carbides in a directiortoughness with lower superheat was due to a reduction
perpendicular to their long dimension. This producesn the size of the carbide particles, not the presence of
much greater microscopic roughness on the fracturan equiaxed region in the cast test pieces. However, the
surface. The growing crack also encounters more areasarbide properties were measured on a metallographic
of matrix material, which would be expected to producesection from the plane perpendicular to the final frac-
toughening. As the crack grows, and the load increasesure surface. This hinders the ability to relate changes
it appears that the stress field associated with the cradk microstructural features to the fracture behaviour. It
tip produces delamination-type cracks to appear alongs interesting to note that those authors [8] believed that
the carbide-matrix interfaces of the carbide rods &t 90the presence of equiaxed regions in the eutectic and
to the notch plane. At some critical load, the stress inhyper-eutectic alloys decreased the impact toughness.
tensity factor is such that it becomes more favourable Durman [22] measured the fracture toughness of two
for the crack to propagate a90° to the expected crack low carbon, 15% Cr white iron alloys for test pieces ex-
growth direction (the plane of the chevron-notch). tracted from three orientations in a cast block. No sta-
The behaviour of the 15-3 Cr-Mo alloy appeared rel-tistical difference was found in the toughness for each
atively insensitive to the orientation. No macroscopicorientation. Diesburg [23] used compact-tension speci-
crack deflection was found for any orientation, and themens extracted from a cast 25 mm thick block, and ob-
measured values of the fracture toughness were simserved that during fatigue pre-cracking a non-random
lar for each orientation. It was seen in Fig. 7 that thedendrite orientation caused crack deviation. However,
directionality of the eutectic carbides in the 15-3 Cr-this crack deviation during pre-cracking was found to
Mo alloy were not as pronounced as that observed imave little effect on the measured fracture toughness,
the 27 Cr white iron. The reasonably isotropic fractureeven when the angle of crack deviation from the ex-
behaviour is a reflection of the lack of directionality of pected fracture direction was as high a8.20is likely
the eutectic carbides in the 15-3 Cr-Mo alloy. Anotherthat the influence of orientation would be very de-
aspect of the eutectic carbide structure that needs tpendent on the features of the cast material, and the
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directionality of the eutectic carbides. This would bereasonably constant carbide volume fraction (as in the
influenced by such factors as alloy composition, pourpresent work), the carbide spacing is proportional to the
ing superheat, casting design. It is surprising that thearbide size [8]. The equivalent particle diameters for
influence of orientation in high-chromium white irons the L and S orientation in the 27 Cr alloy were 4.6

has not been explored further, given the obvious influand 5.6um, respectively. By assuming the carbides to
ence of orientation observed in other material systemsbe spherical particles of diameter, PD, equally spaced
The alignment of the reinforcement phase in metal mathroughout the matrix with an area fraction (AF) given
trix composites is known to influence toughness [24],in Table IV, the edge-to-edge spacirdj fnay be given
while the anisotropic nature of fracture toughness inby

rolled materials has long been appreciated [25].

Laird and Dogan [8] recognised the limitations in p
applying quantitative measures of carbide size (with s="P D( / IAF 1) 4
the inherent scatter) to existing models that predict the
fracture toughness of white irons [4, 25]. The measure- ] ]
ments of carbide particle diameter for the alloys and!his equation predicts values of 3.9.m and 4.9um
orientations in the present work show similarly high for the L and S orientations, respectively. With these
levels of scatter. Models for the fracture toughness ofl@ta, if it is assumed thak is equal to Biner's car-
high-chromium white irons suggest that an increase ifide spacingl(), the parameter proposed by Biner [4],
the carbide spacing increases the fracture toughneds/¢)"/?, is approximately equal for the two orienta-
[4, 25]. Biner [4] suggested that the eutectic carbidedions in the 27 Cr alloy. However, the apparent tough-
in a white iron structure would fracture easily under ap-ness of the L orientation was higher than that of the S
plied load. Catastrophic fracture would be controlled byorientation by almost a factor of two. These quantitative
the fracture of the austenite matrix, which contained dnodels [4, 25] therefore fail to predict the orientation
large number of microcracks of length(equivalent to gffects of fracture toughness in high-chromium white
the mean carbide size). The total work to fracture of 'fons.

the matrix Ga) was given as The deep-etched structures shown in Fig. 7 are more
enlightening and give a qualitative appreciation of the

o2 difference in carbide structure for each orientation and
Ga = EFnc(l— v?) (2) alloy. It is evident that the carbide structure in the

27 Cr alloy was highly directional, with a distinct pre-
ferred alignment of the eutectic carbides. Intuitively,

. . - ; ne would expect a lower resistance to fracture in
or is the failure stress within the plastic zone measure he 27 Cr allov when the crack is alianed parallel
from notched fracture tests. Biner [4] determined the 10y WH 9 P

; L to the eutectic carbides. The approach suggested by
failure stress for a number of alloys with different car-

bide sizes, and found th&, was reasonably constant Kootsookos [18] is useful in understanding this phe-
Fracture V\;as thought to occur when the strz;ss exceedé]é)menon' Kootsookos applied the concept of the ‘char-
9 Cteristic distance, as defined in the model of brittle

Zhgggﬁflﬁxglcor\;?::(st(i)pm?l'r?elzsi?:gtirgh; S@r]z%e:‘s&)z(one acture develop_ed by Ritc_hie, Knc_>tt gnd Rice [26], to
was given by ' the fracture of hllgh—chromlum white iron. The model
suggests that brittle fracture occurs when the stress ex-
ceeds the fracture stress ahead of the crack tip by a crit-
Kic = orv/ 27 Xo (3)  ical distance. This distance often corresponds to some
microstructural parameter (e.g., mean carbide spacing).
where X, is the process zone, suggested to be 3.%Kootsookos [18] found a correlation between the char-
times the eutectic carbide spacing, Biner equated acteristic distance, as measured using notched bend
Equations 2 and 3, and showed a good correlation beests, and the thickness of the eutectic carbides.
tween the experimentally determined fracture tough- For the present study, and in particular the 27 Cr
ness, and that predicted using the failure stress meavhite iron, the microstructural features that would be
sured in the notched fracture tests. Further, the fracturencountered ahead of a growing crack differed signif-
toughness was shown to increase as the parametantly for the two test piece orientations. For the S
(L/c)Y?, increased. oriented test pieces, as the crack grows coplanar to the
A model developed by Crepeatial.[25] considers  notch plane, the areas of carbides intersected would
the critical force for crack extension in the dendritic andbe few though large, with high aspect ratios. Since the
interdendritic regions of high-chromium white irons. crack remained within the large, favourably aligned eu-
The crack resistance force for the total system was cortectic carbides it is easy to imagine the characteristic
sidered to be the average of the crack resistance foradistance for this orientation being quite small. The frac-
for each of these regions weighted by the relative proture stress would be achieved over the characteristic dis-
portion of crack propagation through each region. Theytance at relatively low loads, producing the moderate
[25] suggested that the critical stage in the fracture otoughness levels achieved. Growth of the crack copla-
high chromium white cast iron was the propagation ofnar to the notch in the L orientation, however, would
a crack within the eutectic from one carbide to the nextproceed along a plane that intersects a large number
Their model [25] predicted an increase in the fractureof small carbide areas with a relatively low aspect ra-
toughness as the mean carbide spacing increased. Fotia. As the crack grows, fracture would proceed through

whereE is Young's modulusy is Poisson’s ratio, and
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by the differences in strength which have been mea-
sured for various orientations relative to the cast struc-
ture in high-chromium white irons [27].

tributing factor to the fracture behaviour of white irons

sible for the designer or foundryman to manipulate the

macrostructure in a casting so as to produce the dex.

sired orientation of the columnar structure in a fracture- 5.
6. A. KOOTSOOKOSJ. D. GATESandR. A. EATON, Cast

critical part of the casting [21]. In many cases, the
macrostructure that forms will depend on the cast ge-

composition. However, through the use of chills such
manipulations to the cast structure may be possible. It

is already recognised that the orientation of the carbide®-

structure may influence the abrasion [28] and |mpact
wear [29] properties of high-chromium white iron al-

loys. The present work suggests that similar considerato.

tions need to be made for the fracture toughness. More-

over, the limitations in applying the fracture behaviour11:

of small cast test pieces to predict the fracture responsg,

of large castings, where the macro- and microstructure

13.
14.

are expected to differ, should also be considered.

5. Conclusions
Short-bar fracture toughness tests were carried out on

27 Cr and 15-3 Cr-Mo white iron alloys in the as-cast16.

condition for three orientations relative to the cast struc-
ture. The results revealed that:

18.

1. Thedirectionality of the eutectic carbides was sub-
stantially greater in the 27 Cr alloy than in the 15-3

Cr-Mo white iron. Measurements of the number of car-2o0.

bide particles per unit area, and the mean aspect ratio

of the carbides for each orientation relative to the cast!:

structure, most strongly reflected the alloy differences.,
2. The fracture toughness of the 27 Cr white iron was

much higher when the crack plane was perpendiculazs.

to the long axis of the eutectic carbides. The fracture24.
25.P. N.

toughness of the 15-3 Cr-Mo alloy was relatively in-
sensitive to orientation.
3. Fracture occurred predominantly along the

carbide-matrix interfaces. As the longitudinal axis of 27.

the eutectic carbides in the 27 Cr white alloy was angled

relative to the expected crack growth direction (normal?®-

to the applied load) the toughness improved and the, |°
crack often deviated.
4. Manipulation of the cast structure to maximise the

15.

7.G. L.

26. R. O. RITCHIE,J. F. KNOTT andJ.
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