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An experimental white cast iron with the unprecedented fracture toughness of 40 MPa m1@2 is

currently being studied to determine the mechanisms of toughening. This paper reports the

investigation of the role of strain-induced martensitic (SIM) transformation. The dendritic

microconstituent in the toughened alloy consists primarily of retained austenite, with

precipitated M7C3 carbides and some martensite. Refrigeration experiments and differential

scanning calorimetry (DSC) were used to demonstrate, firstly, that this retained austenite

has an ‘‘effective’’ sub-ambient Ms temperature and, secondly, that SIM transformation can

occur at ambient temperatures. Comparison between room temperature and elevated

temperature KIc tests showed that the observed SIM produces a transformation toughening

response in the alloy, contributing to, but not fully accounting for, its high toughness. SIM as

a mechanism for transformation toughening has not previously been reported for white cast

irons. Microhardness traverses on crack paths and X-ray diffraction (XRD) on fracture

surfaces confirmed the interpretation of the KIc experiments. Further DSC and quantitative

XRD showed that, as heat-treatment temperature is varied, there is a correlation between

fracture toughness and the volume fraction of unstable retained austenite.
1. Introduction
The abrasion resistance of high-chromium white
cast irons makes them attractive for applications in
the mining industry. The microstructural character-
istics determining their wear resistance have been in-
vestigated extensively [1—4]; however, their low
fracture toughness has constrained them to service
applications in which only limited amounts of impact
occur.

Developmental work at The University of Queens-
land has been aimed at improving the fracture tough-
ness of white cast irons by alloy modification and heat
treatment. By reducing the carbon content and ap-
plying an unusually high-temperature heat treatment
(1130 °C), an alloy has been developed with a fracture
toughness of 40 MPa m1@2 [5]. This is compared with
24—30 MPam1@2 typical of conventionally heat-
treated high-carbon white irons. Hereafter, the phrase
‘‘the 1130 °C treated iron’’ will be used to denote
the reduced carbon alloy heat treated for maximal
fracture toughness.

In common with conventional high-chromium
white cast irons, the microstructure of the reduced
carbon alloy consists of primary dendrites and a con-
tinuous eutectic. In the as-cast condition, the dendrites
remain fully austenitic to room temperature. The eu-
tectic microconstituent is a continuous network of
chromium-rich carbide and eutectic austenite which
has at least partially transformed to martensite upon
cooling from the melt. In order to increase the hard-

ness it is normal to heat treat at temperatures around

0022—2461 ( 1997 Chapman & Hall
1000 °C. At these temperatures, chromium-rich car-
bides precipitate from the austenite in the dendrites.
This destabilizes the austenite so that upon sub-
sequent cooling it transforms fully or partially to
martensite.

The stability of austenite is a function of the concen-
trations of carbon and chromium in solution in the
austenite, with higher concentrations depressing the
M

4
temperature. In the as-cast condition, the dendritic

austenite is highly supersaturated with carbon and
chromium, sufficient to depress M

4
to well below room

temperature. The thermal activation provided by heat
treatment allows precipitation of chromium carbides,
resulting in an increase in M

4
to above room temper-

ature and consequent transformation to martensite
upon cooling. (The high degree of supersaturation in
the as-cast condition must be due to kinetics: the low
driving force for nucleation at high temperatures and
the slowness of diffusion at lower temperatures. Nu-
cleation presumably occurs at the lower temperatures,
and heat treatment provides the thermal activation
required for these nuclei to grow. Regardless of how
high a heat-treatment temperature is used, there is
always less carbon in solution after treatment than in
the as-cast state [6].) The extent of the transformation
is dependent upon the positions of the M

4
and M

&
tem-

peratures relative to room temperature. Equilibrium
solubility increases with temperature, so higher
heat-treatment temperatures are expected to result in
an increase in the ratio of retained austenite to

martensite.
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The influences of retained austenite in the dendritic
constituent on the wear resistance and fracture tough-
ness of high chromium cast iron have been debated in
the literature. Retained austenite reduces the bulk
hardness and might therefore be expected to reduce
abrasion resistance. Some authors have found, how-
ever, that retained austenite actually improves ab-
rasion resistance, reportedly due to its work-harden-
ing properties [7—9]. While it has been suggested that
substantially austenitic as-cast microstructures have
a higher fracture toughness than substantially marten-
sitic heat-treated microstructures [10, 11], the effect of
dendritic microstructure on fracture toughness has
not been studied explicitly [5], and the mechanisms by
which toughness might be influenced by retained aus-
tenite are not well understood. Under impact—fatigue
and combined impact—abrasion conditions, the effects
of retained austenite are ambiguous, with findings
ranging from beneficial [8, 12], through neutral [13],
to detrimental [14—18].

Retained austenite in a structure may be highly
stable, or may be unstable and susceptible to strain-
induced transformation to martensite (SIM). The
tendency for SIM around crack paths and adjacent to
wear surfaces in chromium white irons containing
retained austenite has been reported [3, 8, 12, 19, 20].
It has been suggested that SIM may be the mechanism
underlying severe spalling of alloys with high propor-
tions of retained austenite under impact-fatigue condi-
tions [8]. However, the question of whether this
mechanism has any influence on the fracture tough-
ness of these alloys has not previously been addressed.

The work reported in this paper is an analysis of the
occurrence of SIM, and its influence on the toughness,
in the 1130 °C-treated white cast iron alloy.

2. Transformation toughening –
an overview

Transformation toughening is a mechanism for
toughening of materials commonly associated with
ceramics and TRIP (transformation induced plastic-
ity) steels. Experimental observations have shown that
the stress field associated with crack initiation triggers
a martensitic phase transformation in a zone which
extends ahead of the crack tip. This is called the
frontal zone. After the crack passes through the frontal
zone, a steady-state zone is established which includes
both the transformation ahead of the crack tip and
a transformed component in its wake [21]. The conse-
quence of this transformation is to increase the overall
toughness of the material [22—24]. Increases in resist-
ance to crack propagation associated with phase
transformations may be due to one or more of the
following possible mechanisms [25]:

(i) reduction in the local crack-tip stress intensity
factor due to volume expansion in the crack wake
(known as crack closure effects or crack shielding
[21]);

(ii) dissipation of energy in the plastic zone by
transformation shape strain;

(iii) dissipation of energy during crack propagation

via crack-tip deflection.
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Figure 1 Schematic representation of the relationship between criti-
cal stress to trigger transformation and temperature above M

s
.

Mr

s
is the temperature above which the linear relationship between

temperature and stress required to trigger transformation no longer
holds. The corresponding value of stress required to trigger trans-

It is possible that the transformation product may
be inherently more brittle than the parent phase [24].
For transformation toughening to be effective in such
cases it is a requirement that the toughening action of
the transformation process must be more than that
necessary to compensate for this effective embrittle-
ment.

The fundamental requirement for any system to
support one of the above mechanisms is that there
exists a metastable phase within the microstructure
that can transform martensitically to a second, more
stable phase, under the influence of an applied stress.
At a temperature known as M

4
, the chemical free

energy difference between the parent and product
phases is equal to the critical chemical driving force
for the martensitic transformation. It is possible for
local stresses to provide an additional driving force so
that transformation can occur at temperatures above
M

4
. If the sum of the chemical and mechanical driving

forces exceeds the critical chemical driving force, then
the transformation will occur. The magnitude of the
mechanical driving force is a function of the applied
stress and the orientation of the transformed phase.

In the case of iron alloys, two regimes in which this
type of transformation can occur have been observed
[26, 27], as shown in Fig. 1. In the lower temperature
regime (between M

4
and Mr

4
) the mechanical driving

force required to trigger the transformation increases
linearly with temperature. At temperatures above
Mr

4
the linear relationship no longer holds and the

mechanical driving force required to trigger the trans-
formation is lower than that which would be predicted
by extrapolating the line between M

4
and Mr

4
. In this

regime the decrease in critical applied stress corres-
ponds to the plastic deformation of the parent phase.
In the lower temperature regime, the transformation is
formation at Mr

s
is equivalent to the yield point of the parent phase.



denoted ‘‘stress-assisted’’ while in the higher temper-
ature regime it is denoted ‘‘strain-induced’’ [26]. There
is a temperature, M

$
, above which no martensitic

transformation will occur at any level of applied stress.
In fact, deformation of the parent phase above the
M

$
temperature has been shown to have a stabilizing

effect, depressing the M
4

temperature which will be
measured upon subsequent cooling [25]. The temper-
ature difference between M

4
and M

$
is dependent

upon alloy composition. Values ranging from \80 °C
(Fe—Ni—C alloys) to \440 °C (Fe—Mn—C alloys) have
been recorded [28].

In summary, the basic requirements for transforma-
tion toughening of materials under stress at room
temperature are that:

1. the M
4
temperature of the parent phase be below

ambient (this might apply only to a portion of the
parent phase if there is compositional variation within
it);

2. M
4

be sufficiently near to room temperature
to permit either stress-assisted or strain-induced
transformation under the stress field around a crack;
and

3. the transformation should result in crack closure,
energy dissipation or another mechanism sufficient to
give a net increase in fracture toughness.

3. Aims and methodology
3.1. Aims
The purposes of this investigation were:

(i) to establish whether transformation of the aus-
tenite to martensite can be triggered by the stress field
associated with a propagating crack;

(ii) to investigate the possibility that this mecha-
nism could be a factor contributing to the overall
fracture toughness of the experimental alloy;

(iii) to investigate the effect of heat treatment on the
M

4
temperature and on the magnitude of the trans-

formation.
(iv) Compare the observed trends with fracture

toughness.

3.2. Strategy
With the aforementioned requirements for trans-
formation toughening in mind, the following strategy
was formulated.

(a) By using optical microscopy, to seek evidence of
surface upheaval on polished and cryogenically
treated specimens that would indicate the existence of
a sub-ambient M

4
temperature of the parent phase. To

establish optically whether transformation is limited
to either the eutectic or the dendritic microconstitu-
ent. To consider both the 1130 °C-treated and the
as-cast conditions.

(b) By using differential scanning calorimetry
(DSC), to establish the effective M

4
and M

&
temper-

atures of the retained austenite phase. (The M
4

temperature of the destabilized austenite is the tem-
perature at which martensitic transformation starts

upon cooling from the heat-treatment temperature. In
cases where the M
&

is below room temperature, the
transformation will not go to completion and some
austenite will be retained. The ‘‘effective’’ M

4
is defined

as the temperature at which this retained austenite will
begin transforming upon subsequent cooling below
room temperature. As some stabilization of the re-
tained austenite may occur as a consequence of the
arrest in transformation by room temperature, this
effective M

4
temperature may be substantially less

than room temperature.) Also, to measure the en-
thalpy of the transformation. Consider both the
1130 °C-treated and the as-cast conditions.

(c) In the case of the 1130 °C-treated iron, to estab-
lish whether a martensitic transformation of the re-
tained austenite can be triggered at room temperature
under the influence of mechanical deformation (ap-
plied by impact). To measure the magnitude of any
remaining thermal transformation using DSC.

(d) To test the fracture toughness of the alloy in
both the 1130 °C-treated and as-cast conditions at
room temperature (RT). To look for evidence of SIM
in the crack wake by examining the fracture surfaces
and crack paths of the tested fracture toughness speci-
mens.

(e) To estimate the M
$

temperature of the trans-
formation. (This estimate would be based on the
position of M

4
obtained from the DSC result above

and the difference between M
4

and M
$

typical of
materials reported in the literature.) To test the frac-
ture toughness of the alloy in both the as-cast and
1130 °C-treated condition using an elevated test tem-
perature (ET) which is above the estimated M

$
. To

compare the fracture toughness data from the RT and
the ET fracture toughness tests, and to draw con-
clusions regarding the contribution of any trans-
formation toughening mechanism operating in the
alloy.

(f ) By examining the fracture surfaces and crack-
paths of the ET fracture toughness specimens, again to
look for evidence of SIM in the crack wake. In this
way, to check for any tendency of the crack-tip stress
field to trigger a SIM transformation at the elevated
temperature.

(g) To determine the effect of heat-treatment tem-
perature on both the toughness and the transforma-
tion properties by conducting a series of DSC and
XRD retained austenite measurements. To compare
these results with the variation in fracture tough-
ness with heat treatment presented by Kootsookos
et al. [5].

3.3. Experimental procedure

3.3.1. Microstructural evaluation
The hypoeutectic alloy investigated had the following
composition: Fe—1.86C—18.2Cr—1.9Mo—1.5Ni—1.2Si—
1.1Mn—1.0Cu. Specimens in both the as-cast and
1130 °C-treated conditions were used in the analy-
sis. Heat treatment was carried out for 4 h at
temperature followed by air cooling to room temper-
ature. Specimens were then subcritically treated (tem-
pered) for 2 h at 200 °C and air cooled to room

temperature.
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3.3.2. Optical microscopy and differential
scanning calorimetry

Specimens were polished but not etched. These were
imaged optically under interference contrast condi-
tions. The dendrite structure was clearly visible under
these conditions due to pronounced relief polishing
effects caused by the large discrepancies between the
hardness of the eutectic carbides and the dendrites in
these alloys. The specimens were then cryogenically
treated by immersion in liquid nitrogen and inspected
for evidence of transformation-induced surface
upheaval.

Specimens from both the as-cast and the 1130 °C-
treated conditions were prepared for differential
scanning calorimetry (DSC) from \500 lm thick sli-
ces with surfaces ground to 600 grit to ensure good
platen contact area. As only melting point data were
available for the standards, the DSC was calibrated in
the heating mode using indium and dodecane. How-
ever, scans were run in the cooling mode. A scan rate
of !40 °C min~1 from 0 °C to !140 °C was used for
all tests. Owing to the non-reversible nature of the
martensitic transformation, it was possible to obtain
base-line correction data by re-heating specimens to
room temperature and repeating the initial run at the
same rate. Using this technique the need to run a stan-
dard specimen in parallel for base-line calibration was
avoided.

3.3.3. KIc fracture toughness testing
K

I#
single-edge notched beam (SENB) three-point

bend specimens were tested in accordance with ASTM
E-399. Specimens from both the as-cast and the
1130 °C-treated alloys were tested at room and elev-
ated (135 °C) temperatures. Specimens were notched
using a combination of abrasive cutting and electric-
discharge machining. The small-root radius of the
final notch reduced the time taken for initiation of
fatigue pre-cracks. Fatigue pre-cracks were estab-
lished at the root of the notch using a servo-hydraulic
Instron mechanical testing machine under computer
control. This technique allows the crack length and
growth rate to be constantly monitored and adjusted
during the pre-cracking operation. In all cases, fatigue
pre-cracking was conducted at room temperature.
Fracture toughness tests were conducted using
a servo-hydraulic Instron machine and load versus
crack opening displacement curves were obtained us-
ing a chart recorder. A Welwyn clip gauge, capable of
operating at elevated temperatures up to 230 °C, was
used for all tests including those conducted at elevated
temperature.

In the evaluation of the transformation toughening
characteristics of other materials, some authors have
elected not to use crack opening displacement (COD)
gauges for their immersion bath-type elevated temper-
ature tests [24]. In the present study, however, COD
data were collected during all fracture toughness tests
to ensure consistent results were obtained.

The testing temperature selected for the ET tests
was an estimate of a temperature exceeding the

predicted M

$
. Specimens for ET fracture toughness
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Figure 2 Schematic drawing of SENB fracture toughness bar. The
shaded plane represents the cross-section used for lH measure-

testing were wrapped in multiple layers of ‘‘Kaowool’’
insulating material with only the loading points ex-
posed, and oven heated to a temperature slightly in
excess of the required testing temperature. Specimens
were then removed from the oven and tested immedi-
ately. The temperature drop after removal from the
oven of the insulated specimens was measured using
a thermocouple. After 4 min had elapsed the total
temperature drop was less than 10 °C. All ET fracture
toughness tests were completed within a total elapsed
time of less than 4 mins.

After fracture toughness testing, DSC scans were
run to ensure the sub-ambient martensitic transforma-
tion characteristics were consistent from specimen to
specimen. Specimens for DSC were prepared from
each of the 1130 °C-treated fracture toughness bars.
This also provided a secondary check to ensure the
transformation characteristics of the material were
unaffected by the elevated fracture toughness testing
temperature.

3.3.4. Microhardness measurements
Microhardness measurements of specimens taken
from the 1130 °C treated and as-cast fracture tough-
ness bars were made in order to determine the extent
of the transformation that occurred during crack
growth. Both the RT and ET K

I#
tests were interrup-

ted after the peak load had been obtained in order to
preserve the double-sided crack paths for microstruc-
tural evaluation. Cross-sections from the central plane
strain region of the crack path from each of the K

I#
test

bars were mounted, polished and lightly etched
(Fig. 2). Vickers’ microhardness measurements were
made using a 100 g indentor load which provided an
indent size small enough to be contained within the
dendrites. Dendritic hardness measurements were
made along traverses perpendicular to the crack direc-
tion. Measurements were taken at approximately
V
ments.



50 lm intervals to a distance of 1000 lm. Data from at
least five traverses ensured that potential interference
from eutectic carbides below the indentor were mini-
mized.

3.3.5. Qualitative X-ray diffraction
X-ray diffraction (XRD) scans were collected from the
fracture surfaces retrieved from the fracture toughness
specimens of the 1130 °C-treated alloy. Fracture surfa-
ces of approximately 100 mm2 were scanned through
2h values ranging from 18°—48° to identify the phases
present on or adjacent to the fracture surface. A sec-
tioned and polished specimen of the 1130 °C-treated
alloy was also scanned for comparison. MoKa radi-
ation was used, giving an average penetration depth
for the scan range selected of approximately 15 lm.
Results obtained are qualitative only, as no account of
surface roughness or texturing effects was taken.

3.3.6. Variation in retained austenite with
heat treatment (using XRD and DSC)

The variation in retained austenite with heat-treat-
ment temperature was measured using XRD. Polished
specimens were prepared from the following destabil-
ization and tempering heat treatments: 1000#200 °C,
1050#200 °C, 1100#200 °C, 1130#200 °C and
1150#200 °C. Other than the variation in destabiliz-
ation temperature all aspects of the heat-treatment
conditions were the same as those previously de-
scribed. Each specimen was scanned through 2h
values ranging from 26.5°—46°. After the initial scan,
specimens were further treated by immersion in liquid
nitrogen and subsequently rescanned under the same
conditions. In this way it was possible to determine
what fraction of the retained austenite was stable to
below !196 °C. Traces were obtained using MoKa

radiation and a horizontal tilt/rotate goniometer.
Data were collected on a Nicolet 4094 digital oscillo-
scope and smoothed using the Nicolet five-point aver-
aging system prior to analysis. The Kim [29] method
for calculation of the austenite to martensite ratio was
used.

Specimens from the above heat treatments were
also analysed using DSC. Specimen preparation, DSC
calibration and scanning conditions were the same as
those previously mentioned.

4. Results and discussion
4.1. Microstructure and the effect of

cryogenic treatment
Optical microscopy indicates that in the as-cast condi-
tion, the primary dendrites of the reduced-carbon
alloy are fully austenitic. Transmission electron
microscopy (TEM) shows that the eutectic carbides
are M

7
C

3
, while the eutectic austenite has trans-

formed to martensite.
In the 1130 °C-treated condition, optical micro-

scopy shows the precipitation of carbides within
dendrites which otherwise appear to remain essen-

tially austenitic. TEM shows that the precipitated
carbides are M
7
C

3
and that they are sheathed by

martensite. Laths of martensite also extend from these
sheaths into the surrounding matrix. Similar marten-
sitic structures are also in evidence in regions adjacent
to the eutectic microconstituent. The eutectic is un-
changed from that in the as-cast microstructure.
Examples of the as-cast and 1130 °C-treated micro-
structures are presented in Fig. 3.

After cryogenic cooling of the as-cast alloy, no
changes were evident in the microstructure as revealed
by conventional metallographic polishing and etching
techniques. In order to verify this apparent lack
of change, previously polished specimens were exam-
ined after cryogenic treatment in search of evidence
of surface upheavals indicative of the shape strain
associated with martensitic transformations. No
such upheavals could be found, as shown in Fig. 4a
and b. This indicates that the austenite in the as-cast
condition is stable to temperatures lower than
!196 °C.

The 1130 °C-treated specimen, by contrast, showed
extensive upheaval of the surface after cryogenic cool-
ing, as shown in Fig. 4c and d. These upheavals are
strongly indicative of martensitic transformation
within the dendrites. In both the as-cast and 1130 °C-
treated conditions the eutectic microconstituent was
unaffected by the cryogenic treatment. This result is
consistent with the observation that the eutectic
matrix is already fully transformed in the as-cast
condition.

Differential scanning calorimetry (DSC) was used in
order to quantify the transformation occurring upon
cryogenic treatment. In the as-cast alloy there was no
measurable transformation exotherm in the DSC
scans, as shown in Fig. 5. This lack of transformation
confirms the conclusion from the surface upheaval
experiment, that the austenite in the dendrites is
extremely stable.

DSC scans for the 1130 °C-treated alloy (Fig. 5)
show a substantial exotherm from transformation to
martensite. There is a distinct sub-ambient M

4
temper-

ature at between !10 and !20 °C. Subsequently, the
amount of martensite formed increases with the de-
gree of cooling below M

4
, until the transformation

process is complete at about !130 °C. The magnitude
of the full transformation exotherm was measured to
be 9.5$2 J g~1.

Deformation of 1130 °C-treated specimens prior to
running DSC scans resulted in a marked reduction in
the magnitude of the transformation exotherm
(Fig. 6). The magnitude of this reduction increased
with increasing amounts of plastic deformation. When
sufficient plastic deformation was imposed, the
measurable thermal transformation was reduced
to zero. The relative position and shape of the
exotherms from the lightly deformed specimens was,
in other respects, unchanged from those occurring in
the undeformed specimens.

4.2. KIc fracture toughness
The fracture toughness for the 1130 °C-treated alloy

was measured to be 39$2 MPam1@2. This agrees well
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Figure 3 Optical and transmission electron micrographs of the as-
cast and 1130 °C-treated microstructures. Selected-area electron
diffraction was used for TEM phase identification. (a) As-cast alloy.
(b) 1130 °C-treated alloy. (c) Transmission electron micrograph of
the eutectic region of the as-cast alloy. M

7
C

3
eutectic carbides and

eutectic martensite are indicated. (d) TEM dark-field micrograph of
the dendritic region of the 1130 °C-treated alloy. Note the precipi-
tated M

7
C

3
carbides and the surrounding martensite. (e) Transmis-

sion electron micrograph showing the microstructural detail of
a region adjacent to a precipitated carbide in the dendritic region of
the 1130 °C-treated alloy. Note the existence of martensite laths in
the region immediately adjacent to the carbide that extend into the
surrounding retained austenite.

range of data obtained from the five specimens in each
treatment. For the room-temperature tests the frac-
ture toughness values for the 1130 °C-treated and the
as-cast alloys were approximately 39$2 and
30$2 MPam1@2, respectively, a difference of about
9 MPam1@2. By contrast, in the case of the elevated
temperature tests, the fracture toughness of the
1130 °C-treated and as-cast alloys were approximately
33$2 and 30$2 MPam1@2, respectively, a reduced
difference of about 3 MPam1@2.
with the value of 40$2 MPam1@2 measured on this
alloy by Kootsookos [5].

K data for the as-cast and 1130 °C-treated speci-

I#

mens are presented in Fig. 7. Error bars indicate the
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It would normally be expected that the elevated
testing temperature would result in either no differ-
ence or perhaps a slight increase in fracture toughness
due to increased plasticity effects. This expectation is
borne out in the results for the as-cast material. The
elevated testing temperature had little or no effect on
the fracture toughness of the alloy, with 30$2

MPam1@2 being measured at both test temperatures.



Figure 4 Optical micrographs from the as-cast and 1130 °C-treated alloy. Specimens were polished but not etched, with relief polishing effects
being enhanced with the use of interference contrast microscopy. (a) General polished section of the as-cast microstructure. (b) The same
region of the as-cast microstructure as featured in (a), after cryogenic treatment by immersion in liquid nitrogen. Dendritic regions are
unaffected by cryogenic treatment due to the stability of the austenite. (c) General polished section of the 1130 °C-treated microstructure.

(d) The same region as featured in (c) after cryogenic treatment. Note the pronounced surface upheavals as a consequence of martensitic
transformation within the dendrites.
Figure 5 DSC scans showing the magnitude of the transformation
exotherms for both the as-cast and 1130 °C-treated alloy.

In the case of the 1130 °C-treated alloy, however,
the reverse trend was observed. A marked drop of
about 6 MPam1@2 between the room temperature and
the elevated temperature fracture toughness results
was recorded. It is postulated that at room temper-
ature, a portion of the total fracture toughness is
attributable to the mechanism of transformation
toughening. It is also postulated that at the elevated
temperature the fracture toughness is a measure of the
toughness of the material in the absence of this trans-

formation toughening mechanism. It is consequently
Figure 6 DSC scans showing the relationship between deformation
and the size of the transformation exotherm for the 1130 °C-treated
alloy.

inferred that the difference of 6 MPam1@2 between the
RT and ET tests is a measure of the contribution of
transformation toughening to the overall toughness of
the material.

4.3. Microhardness measurements
The above hypotheses are based on the assumption
that the elevated testing temperature of 135 °C is in
excess of the M temperature, thus preventing any
$
strain-induced transformation from occurring. The
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Figure 7 Showing the effect of testing temperature on the fracture
toughness of as-cast and 1130 °C-treated specimens.

validity of this assumption was investigated by obser-
vation of the crack paths of the elevated temperature
and room-temperature fracture toughness bars.

Fig. 8 shows the relationship between the dendritic
microhardness and the perpendicular distance from
the crack, measured on cross-sectional specimens
from each of the K

I#
bars. For the 1130 °C-treated

alloy tested at room temperature, there is a pro-
nounced increase in hardness associated with the
crack, with the hardness increasing from about
500 lHV in regions remote ('500 lm) from it to
about 800 lHV within 50 lm of it. For the same
material tested at elevated temperature there was no
such dependence of hardness on distance from the
crack. In this case the microhardness of the dendritic
microconstituent was uniform at about 500 lHV
which was equivalent to the value measured in unde-
formed specimens of the 1130 °C treated alloy.

In the as-cast alloy, a similar lack of dependence
was found, in specimens tested at both room temper-
ature and elevated temperature. The dendritic micro-
hardness remained constant at about 360 lH

V
, inde-

pendent of distance from the crack. This value is lower
than the undeformed hardness in the 1130 °C-treated
alloy due to the presence of secondary carbides and
some transformation products in the latter.

As the stability of the dendritic austenite in the
as-cast alloy had already been established, the result
that there was no measurable difference in the micro-
hardness between the RT and ET crack paths was as
expected. Any dependence of dendritic hardness upon
distance from the crack would be attributable to con-
ventional work hardening within the plastic zone. The
observation that no such dependence occurred sug-
gests that in the case of the 1130 °C-treated alloy any
measurable difference in hardness with distance from
the crack must be attributable solely to the presence of
transformation products.

Hence, for the 1130 °C-treated alloy tested at
room temperature the marked dependence of hard-
ness upon distance from the crack indicates that sig-
nificant transformation occurs in regions adjacent to
the crack and that this effect extends a distance of

approximately 500 lm into the material. For the
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Figure 8 Variation of the dendritic microhardness with perpendicu-
lar distance from the crack. Specimens are cross-sections of the
crack path from the (r) RT and (]) ET fracture toughness bars, in
the 1130 °C-treated alloy, and for (h) RT and ET tests in the as-cast
alloy.

1130 °C-treated alloy tested at elevated temperature,
the absence of any dependence of hardness on distance
from the crack demonstrates that the testing temper-
ature of 135 °C was in excess of M

$
and that conse-

quently no strain-induced transformation had been
triggered.

4.4. X-ray diffraction
The polished specimens of the 1130 °C-treated alloy
represent general cross-sections of the undeformed
microstructure. XRD traces obtained from these spec-
imens show clear evidence of both austenite and mar-
tensite phases, as expected (Fig. 9c). The presence of
M

7
C

3
reflections is somewhat less obvious, with some

of the peak positions being shared with those of aus-
tenite. Other M

7
C

3
reflections of similar intensity ac-

cording to structure factor calculations are not visible
at all. These predicted peak positions have been in-
dicated on the axis of Fig. 9a. The absence of strong
evidence of M

7
C

3
carbide in the traces in general may

be explained by the fact that carbide reflections occur-
ring in this scan range represent high order planes that
give low diffraction intensity.

XRD traces obtained from the fracture surfaces of
the 1130 °C-treated alloy tested at elevated temper-
ature also show evidence of austenite and martensite
phases (Fig. 9a). In those obtained from the 1130 °C-
treated alloy tested at room temperature, however,
scans show strong reflections from martensite only
(Fig. 9b), with austenite reflections absent.

As no account for specimen texturing has been
taken in this analysis, it is not possible to draw
conclusions about small differences in the relative
proportions of the phases that are present. The com-
plete absence of a phase in a scan, however, must be

significant.



Figure 9 XRD scans from the 1130 °C-treated alloy. (a) Fracture
surface of 1130 °C-treated K

I#
specimen tested at ET. (b) Fracture

surface of 1130 °C-treated K
I#

specimen tested at RT. (c) General
polished section of 1130 °C-treated alloy.

In the case of the specimens obtained from the
fracture surfaces of the K

I#
bars it might be expected

that if the crack path preferentially followed the eutec-
tic microconstituent there would be little evidence of
austenite appearing on the subsequent XRD traces.
However, in the case of the 1130 °C-treated material
tested at elevated temperature, austenite was clearly
evident on the XRD traces, suggesting either that the
penetration depth of the molybdenum radiation
(about 15 lm) was enough to compensate this effect or
that the crack path included propagation through the
dendrites. In either case, the austenite was evidently
not transformed by the stress field of the advancing

crack.
Fractographic studies of the 1130 °C-treated alloy
tested at room temperature have shown that the crack
path includes both the dendritic and the eutectic
microconstituents [30]. The observation that the
XRD traces of the fracture surface of the 1130 °C-
treated alloy tested at room temperature contained
almost no evidence of austenite is further confirmation
of the strain-induced transformation that occurs
under the influence of an advancing crack. It is not
known whether the crack path of the 1130 °C-treated
alloy, when fractured at elevated temperature, is sim-
ilar to that of the alloy when fractured at room tem-
perature. It is intended that this be investigated, in an
attempt to explain the observation that the 1130 °C-
treated alloy tested at elevated temperature has
a higher toughness than that of the as-cast alloy
(Fig. 7).

4.5. Variation in retained austenite with heat
treatment (using XRD and DSC)

A comparison was made between the results from
both the XRD and DSC investigations and previously
reported fracture toughness values for the alloy that
were measured over the same range of heat-treatment
temperatures [5].

The variation in fracture toughness of the alloy with
heat-treatment temperature is presented in Fig. 10a.
The toughness increases with increasing destabiliz-
ation temperatures over 1050 °C until a maximum of
40 MPam1@2 is reached at about 1130 °C.

Fig. 10b shows the relationship between the magni-
tude of the DSC exotherm and the heat-treatment
temperature over the same range of heat treatments.
The trend is similar to that above, with the size of the
exotherm increasing with heat-treatment temperature
for temperatures above 1050 °C and reaching a
maximum at about 1130 °C.

Fig. 10c shows the variation in austenite to marten-
site ratio with heat-treatment temperature measured
using XRD. Curves showing ‘‘total austenite’’ to mar-
tensite ratio, AR

T
, ‘‘stable austenite’’ to martensite

ratio, AR
S
, and ‘‘unstable austenite’’ to martensite

ratio, AR
U
, versus heat-treatment temperature are dis-

played on the same axes. AR
S
represents the austenite

that remained untransformed after the cryogenic
treatment and AR

U
"AR

T
!AR

S
. From these curves

it can be seen that both the total volume fraction of
retained austenite and the stable volume fraction of
retained austenite increase with increasing heat-treat-
ment temperature. For the unstable retained austenite
it can be seen that the trend is the same as that of the
DSC result, as expected, with the largest value of AR

U
occurring at the 1130 °C heat-treatment temperature.

The close-matching forms of these three curves sug-
gests that the fracture toughness of the alloy is depen-
dent upon the amount of austenite that is susceptible
to strain-induced transformation. It is this component
of the retained austenite that affects the magnitude of
transformation toughening possible in the material.
The highest fracture toughness recorded here corres-
ponds to the heat treatment resulting in the largest

volume fraction of unstable retained austenite.
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Figure 10 Dependence of various parameters on heat-treatment
temperature. (a) Variation in fracture toughness with heat-treat-
ment temperature, after Kootsookos [5] with data from the current
study included. (b) Relationship between the magnitude of the DSC
exotherm and the heat-treatment temperature over the same range
of heat treatments. (c) XRD result showing the correlation between
austenite to martensite ratio and heat-treatment temperature. (j)
AR

T
" ‘‘total austenite’’ to martensite ratio; (d ) AR

S
" ‘‘stable

austenite’’ to martensite ratio; (m) AR
U
" ‘‘unstable austenite’’ to

martensite ratio "AR
T
!AR

S
.

Although the XRD traces for the 1130 °C-treated
alloy show that some stable retained austenite exists at
!196 °C, inspection of the individual DSC curves
(Fig. 5) suggests that, in each case, the transformation
appears to be complete at approximately !130 °C. It
is also noted that the AR

S
versus heat-treatment tem-

perature curve (Fig. 10c) does not increase at a rate
corresponding to the increase in the AR

T
curve. Two

possible interpretations of this behaviour are
(a) that the composition of the austenite in the

destabilized microstructure is not uniform across the
dendrites but rather is separated into at least two
discrete regions. In one region the austenite has an
M

s
temperature close to room temperature and in the

other the austenite is stable to temperatures below
!196 °C;

(b) that due to the variation in composition of the
austenite in the dendrites as a consequence of the
heat-treatment temperature, the amount of austenite
that will be retained after the cryogenic treatment

correspondingly varies.
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Microanalysis studies previously conducted on
white cast irons have revealed that after high-temper-
ature destabilization treatments, the composition of
the dendrites is not uniform across their cross-section
[31—33]. The existence of interlath-retained austenite
is common to martensitic structures and is a function
of both the carbon content and the amount of aus-
tenite stabilizing elements present [34]. This suggests
that compositional variation in retained austenite be-
tween the heat treatments may result in different
amounts of retained austenite after cryogenic treat-
ment. Further microanalysis and TEM investigations
are required to establish whether these transformation
characteristics are a consequence of local segregation
or bulk compositional variation.

5. Conclusions
1. The significant contribution of transformation

toughening to the overall toughness of an experi-
mental white cast iron has been demonstrated. The
existence of this mechanism has not previously been
reported for white cast irons.

2. DSC was shown to be a valuable tool for evalu-
ation of the characteristics of sub-ambient martensitic
transformations.

3. Further crack-path and microstructural studies
are required to explain the component of toughening
in the 1130 °C-treated alloy that could not be at-
tributed to the transformation toughening mecha-
nism.
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