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The objective of this work stems from the environmentally assisted embrittlement suffered by austempered
ductile iron (ADI) when its surface is submerged in water. This phenomenon leads to a drop in elongation
and ultimate tensile strength of about 75% and 10%, respectively, while the 0.2% offset strain stress
remains unaffected. Heat-treating a high Si steel, an ausferritic matrix similar to that present in the ADI
under study is obtained, yielding giving a very good combination of tensile strength and elongation. In this
manner, it was possible to examine the influence of the metallic matrix such as that present in ADI, though
without nodules and cell boundaries, also called last to freeze zones (LTF). Tensile test evaluations on ADI
and steel samples under dry and wet conditions were carried out. Additionally, a very specific test,
introducing surface cracks, was conducted with the purpose of expanding the current knowledge on this
particular kind of fracture. Earlier investigations on ADI have suggested that the process of embrittlement
starts in a surface crack generated at the early stages of plastic deformation in LTF zones, which results
from the solidification process, where pores, inclusions and unreacted austenite are present. In this manner,
water penetrates and weakens the material strength, making the crack grow very fast and leading to an
instantaneous samples failure. The main results obtained in this work include the confirmation of the
deleterious effect of the LTF zones in the embrittlement process and the fracture surface analysis showing
characteristic features of this kind of failure.
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1. Introduction

Embrittlement phenomena in metallic materials are not
exceptional, since different external conditions may exert a
detrimental effect on their mechanical properties, thereby
reducing plastic deformation capacity, or displacing the duc-
tile–brittle transition temperature, among others. This kind of
singularities is attributed to different factors such as operating
temperature, surrounding environment and/or the influence of
the construction methodology (welding, for example).

For instance, the exposure of the components of 2.25Cr-
1Mo steels used in the oil industry for long periods at high
temperatures produces a decrease in toughness, which affects
service life. This phenomenon is known as temper embrittle-
ment and takes place when the component is exposed to
temperatures ranging from 400 to 500 �C for a prolonged
period, leading to impurities segregation at grain boundaries
(Ref 1).

In this framework, another example is the way in which the
surrounding ambient affects material behavior, a phenomenon
referred to as environmentally assisted embrittlement (EAE) in

the literature. Hydrogen embrittlement has been extensively
reported in this regard, which occurs in a wide range of
circumstances, including humidity, hydrogen gas and/or hydro-
carbon fuels in contact with the material, to name a few (Ref 2,
3).

A different EAE phenomenon that has also been reported is
liquid metal embrittlement (LME), which takes place when the
surface of a metal is in contact with a liquid metal. This
singularity is independent of the exposure time and dependent
on the liquid metal that wets the surface.

LME can be observed in several couples such as Cu in
liquid Bi, several steels in Pb alloys, Al in liquid Ga and
different industrial processes, such as galvanizing. Despite the
fact that this phenomenon has long been studied, the mecha-
nisms lying behind it remain unveiled (Ref 4-8).

The focus of this work is placed on EAE, and to be more
precise, in those cases in which the cause of embrittlement is
the humidity in the material surface found in the environment
as vapor or in direct contact with water.

This work was motivated by a research conducted on this
type of degradation process on austempered ductile iron (ADI).
Even though different aspects have been addressed in order to
characterize this particular phenomenon, the decrease in
ultimate tensile strength (10%) and elongation (75%) has been
conclusive on the effect that the water surrounding the material
surface has during uniaxial tensile testing (Ref 9, 10).

It is currently known that a fast fracture process starts at the
surface crack generated on a defect present in the material when
it is uniaxially tensile loaded and passes through the initial
stages of plastic deformation. Water penetrates this crack and
weakens the crack tip resulting in very fast propagation and a
catastrophic sample failure (Ref 10). A model of chemisorption
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has been proposed to explain this fracture mechanism, but no
conclusive evidence of this model has been published as of yet
(Ref 11).

The novelty of this work is given by the possibility of
finding a high Si steel which upon heat treatment, allows to
evaluate the matrix present in ADI avoiding nodules and LTF
zones.

ADI is obtained by isothermal heat treatment. A metallic
matrix, known as ausferrite, is present, together with graphite
nodules that provide excellent mechanical properties and have
positioned this material at the very forefront for mechanical
components designers.

In addition to ausferrite and graphite nodules, ADI
microstructure is also composed of a particular microstructural
zone generated at the final stages of the solidification process,
which is referred to as ‘‘cell boundary’’ or ‘‘last to freeze zone’’
(LTF).

This zone presents micro- and macrosegregation patterns
(mainly Mn and Si) which promote the presence of inclusions,
pores, retained austenite, prone to martensite transformation
under strain and carbides. Such presence constitutes a favorable
site for cracks generation at the early stages of plastic
deformation.

The best results in revealing the solidification microstructure
of nodular iron were obtained using a color reagent sensitive to
microsegregation (Ref 12), as shown in Fig. 1, where the LTF
zones can be clearly distinguished.

The austempering heat treatment commonly used to obtain
ADI from a regular ductile iron consists in heating at about 850/
900 �C (austenitizing) followed by cooling in a salt bath at
temperatures ranging from 250 to 450 �C and holding this
temperature for a given period (austempering) ending with the
material cooled at air to room temperature.

The resulting metallic matrix comprises a biphasic structure
formed of acicular ferrite and carbon-enriched austenite, a
microstructure that provides very good plasticity to the
material.

When steel is austempered at temperatures under the nose of
the time, temperature and transformation curve (TTT), a non-
lamellar structure of ferrite and iron carbide is produced. This
product with an acicular microstructure is called bainite.

Pearlite is nucleated by iron carbide and is accompanied by
ferrite formation. Bainite, in turn, is nucleated by ferrite, and

followed by the precipitation of iron carbide. This results in
dispersion of iron carbide in the ferritic matrix. The lower the
transformation temperature, the finer the carbide distribution
with thinner ferrite needles making it possible to distinguish
what is commonly referred to as upper and lower bainite.

On the other hand, in steels with 0.4-0.8 of C and sufficient
Si addition, cementite formation is inhibited and the
microstructure of these alloys results in upper bainite. The
carbon that is partitioned into the residual austenite does not
precipitate as cementite but remains in site to make the
austenite stable at ambient temperature. The microstructure
obtained consists of fine plates of bainitic ferrite separated by
carbon-enriched regions of austenite quite similar to those
described for ADI (Ref 13-16).

Obtaining ausferritic steel by heat treatment with very
similar characteristics to those of the ADI matrix offers an
alternative to the embrittlement phenomenon under study, since
the results of heat-treated high Si steel evaluation will allow
analyzing the ADI metallic matrix without nodules and cell
boundaries (LTF).

The goal of this work is to evaluate high Si content steel
behavior by studying the tensile tests conducted under dry and
wet conditions on both materials following the methodology
previously applied for ADI assessment (Ref 10, 11).

2. Experimental Procedure

Two materials were used in this work: hot-rolled SAE 9260
steel, commonly used in springs manufacturing, provided in
12.7 mm (0.5 in.) round bars and ductile iron, obtained by
pouring a melt on 25 mm Y-block sand molds (ASTM A 536-
84) following conventional practices of nodulization, inocula-
tion and cast at the experimental casting laboratory of the
Metallurgy Division at INTEMA.

Chemical composition was determined using a BAIRD DV6
optical spark emission spectrometer.

Tensile samples of ADI and steel with threaded grips and a
diameter of 6.35 mm in the calibrated section were mechanized
(Fig. 2). Before obtaining the final dimensions, samples were
heat-treated using electric furnaces and a salt bath.

Austempered ductile iron (ADI) was obtained by heat
treatment, consisting in austenitizing for 1 h at 910 �C

Fig. 1 Last to freeze zones revealed Fig. 2 Samples and experimental setup used for tensile tests
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followed by cooling in a salt bath at 360 �C and holding for 1 h
and a half (austempering).

As far as the steel is concerned, the heat treatment was
determined based on the microstructure observed using several
combinations of austenitizing and salt bath temperatures. In this
manner, the selected heat treatment for the tensile samples
resulted in austenitizing at 880 �C for 1 h followed by an
isothermal salt bath treatment at 340 �C also for an hour,
ending with the samples submerged in water until room
temperature was reached.

In the steel samples group, a 1-mm-deep machined notch
with a 45� angle in the calibrated section was prepared in order
to introduce a high stress concentrator and so generate artificial
cracks (Fig. 2a). Such cracks were obtained by applying cyclic
loads to the notched samples using a displacement-controlled
mechanical testing machine with a double-eccentric actuator.
This condition resulted in a plastic zone extension no greater
than 1%. A maximum load of approximately 2.2 kN was
applied using a constant eccentricity of e = 0.145 mm.

Tensile tests (ASTM E8 M) were conducted using a
universal Mohr and Federhaff testing machine in the range of
10 tons maximum capacity at a constant engineering strain rate
of 4 9 10�4., under both dry and wet conditions (submerged
samples) using the setup displayed in Fig. 2(b).

Tap water with a pH 7 was used for the wet tests, and they
were performed at 20 �C.

Metallographic observations were conducted using an
Olympus PGM3 microscope using conventional techniques
for grinding and polishing using 2% Nital as the etchant.
Scanning electron microscopy (SEM) JEOL JSM-6460LV was
used to study the fracture surfaces generated in broken samples.

Hardness measurements (HBW2.5/187.5) were performed
using an IBERTEST DU 259 universal hardness machine.

X-ray measurements were carried out on a PANalytical
X�Pert PRO diffractometer operated at 40 kV and 40 mA using
the radiation produced by a copper anode (ka = 1.542 Å),
performing continuous sweeps covering the interval 2h = 38-
86� in steps of 0.05�.

The fraction of retained austenite was determined by
comparing the austenite peaks {111, 200, 220} and {200,
112, 022} of ferrite. Austenite quantification was carried out
using the ASTM E975 standard.

In all cases, the properties reported were the average value
of at least three tests.

3. Results and Discussion

Table 1 lists the chemical composition of the steel and melt
used in this work. As regards ductile iron, the average nodular
count was 120 nod/mm2 with a nodularity of 90% and a nodule
size 5 according to ASTM A-247 standard. Figure 3 depicts the

as-cast microstructure of ductile iron, and Fig. 4 the hot-rolled
steel both before heat treatment.

Since the main objective of this work is the evaluation of the
metallic matrix on the embrittlement phenomenon, it was
necessary to adjust the steel microstructure after heat treatment
in order to compare it to that found on the ADI under study.
With this purpose, several thermal cycles were applied to
cylinders 12.7 mm in diameter and 20 mm long.

The equivalence between heat-treated steel and the ADI
metallic matrix was evaluated at first using optical microscopy
and complementary analysis such as hardness measurements
and x-ray tests used to measure the amount of austenite on both
materials.

The microstructures of ADI and steel tested samples are
displayed in Fig. 5. Steel exhibits a mixture of ferrite and
austenite phases similar to ADI.

Hardness values of 320HB2.5/187.5 were measured on both
materials. The x-ray analysis yielded 18% of retained austenite
in the metallic matrix of ADI and steel.

Typical x-ray diffraction profile of the austempered samples
is shown in Fig. 6.

Once the desired steel microstructure was obtained in
agreement with that of the ADI under study, tensile tests were

Table 1 Chemical composition of the materials tested (%
weight)

s C Si Mn Cr Ni S P

Steel 0.56 1.47 0.61 0.6 0.04 < 0.003 0.03
Ductile iron 3.58 1.95 0.18 … 0.38 0.02 0.02

Fig. 3 As-cast microstructure of the ductile iron

Fig. 4 Hot-rolled steel before heat treatment
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carried out. Table 2 shows the results obtained for both
materials under evaluation, and Fig. 7 displays a load–dis-
placement representative plot.

The environmental effect of water on the surface of ADI is
evident, mainly in elongation, as accounted for in earlier
research works (Ref 17-21).

In the case of steel, the very good combination of the
ultimate tensile strength and elongation in dry conditions can be

noticed. Said properties remained unchanged when the samples
were tested under wet conditions.

The embrittlement phenomenon of ADI is attributed to the
generation of surface cracks at the early stages of plastic
deformation (after 0.2% offset strain). The presence of these
surface cracks is mainly localized in LTF zones as determined
by SEM. The cracks aspect on the lateral surface of the strained
sample is illustrated in Fig. 8 (Ref 9, 17, 18).

Fig. 5 Microstructures of ADI and austempered 9260 high Si steel

Fig. 6 XRD spectra

Table 2 Tensile properties

Material Environment rU.T.S., MPa r0.2, MPa Elongation, %

SAE 9260 unnotched Dry 1398 1102 20
Wet 1386 1095 20.2

SAE 9260 notched Dry 1234 … 4.7
Wet 1170 … 2.2

ADI Dry 1150 881 11
Wet 987 873 2

Standard deviation is lower than 5.1 in the case of stress and 3.7 for elongation
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Figure 9 exhibits the surface of a steel sample exposed to
similar conditions, i.e., after the material shortly exceeded yield
strength with no evidence of surface cracks, although signs of
plastic deformation can be observed.

Cracks formation on ADI surface, preferably at cell
boundaries (LTF), is explained by the fact that, in these
particular zones segregation is high, leading to carbide presence
as well as to defects inherent to castings, such as nonmetallic
inclusions and porosity (Fig. 1).

Once a crack nucleates at the surface, the surrounding water
penetrates and activates a chemisorption process; the crack tip
is weakened and induced to a faster propagation rate, leading to
the instantaneous break of the sample.

With the purpose of evaluating the steel behavior under
similar conditions, surface cracks were introduced on the
samples to simulate the mechanism described for ADI and to
compare the results of both materials under equivalent condi-
tions. Even though the crack generated under cyclic load
application could be, in some aspects, different to that
spontaneously generated in the LTF zones due to the matrix
deformation at the initial steps of plastic deformation, the
introduction of a sharp crack in the surface is considered an
alternative attempt to evaluate the phenomena under study.

Cracks nucleation achieved by applying bending cyclic
loads to the calibrated zone with a previously machined notch
was monitored observing the notch with a light microscope at

5-min intervals between cyclic load applications until a visible
crack appeared.

Figure 10 displays the surface of the machined notch
(before) and the crack generated after 45 min as observed by
optical microscope.

The samples with cracks generated in this manner were
tested in tensile mode. It should be taken into account that UTS
and yield strength results were calculated by measuring the
remaining ligament area (i.e., the total area of the sample minus
the area of the machined notch plus the fatigue crack generated
after the sample break).

The results of these comparative tests between steel samples
with ‘‘artificial’’ cracks in dry and wet conditions showed that
water presence in the crack tip results in a reduction in
properties. The most affected one, like in ADI, is elongation
(around 50%), while UTS drop is about 10%.

It should be clarified that the results included in Table 2 for
cracked steel samples are valid only to compare the effect of a
crack simulating the operating fracture mechanism of ADI
(‘‘natural cracks’’ in LTF zones at the initial stages of plastic
deformation).

Fig. 7 Representative plot of tensile tests

Fig. 8 Surface crack on ADI tensile sample generated at early
stage of plastic deformation

Fig. 9 Surface of steel sample at early stages of plastic deformation

Fig. 10 Machined notch and fatigue crack growth on steel sample
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The results obtained in this work allow to conclude that the
ausferritic metallic matrix in itself is not responsible for any
aqueous environmentally assisted embrittlement.

Since ADI suffers EAE solely with this matrix, it is logical
to assume that the phenomenon starts at LTF zones or graphite
nodules, thereby confirming the previous results in which
cracks generated at initial stages of plastic deformation were
located at LTF zones.

At a higher degree of deformation (tested in air), the nodular
cavities stretched showing an interstitial space between the
matrix and the graphite (Fig. 11).

The last location is not considered as a preferential site for
the water embrittlement process to start because, as already
stated, these high degrees of plastic deformation are never
reached in submerged tested samples.

It is evident that the ausferritic matrix with surface cracks is
sensitive to water presence when the sample is tensile loaded.
The presence of cracks, ‘‘natural’’ in ADI or ‘‘on purpose’’ in
steel, clearly affects the material behavior.

However, elongation reduction in ADI is about 75%, while
the reduction in steel with cracks is 50%. This result can be
ascribed to the fact that ADI could also have internal cracks
(segregated regions) in addition to those observed in the surface
and graphite nodules on the fracture path. This fact modifies the
fracture mechanism; the steel without these features in its
fracture path could be influenced to a lesser degree, sustaining
higher plastic deformation.

3.1 Analysis of the Fracture Surfaces

The fracture surface of an ADI sample tested in dry
conditions at low magnification is observed in Fig. 12(a).
Enlarged nodular cavities and metallic matrix areas with clear
signs of plastic deformation such as ridges at the internodular
areas and dimples of different sizes and small portions with flat
aspect (cleavage) can be noticed. This kind of fracture involves
a combination of fracture mechanisms. The failure process
begins with microvoids nucleation and second-phase particle
growth, such as those present in LTF zones. Small cleavage
zones are also detected and probably generated after crack
propagation through the cell boundaries where ductility prop-
erties are lower than those of ausferrite. This fracture mode is
frequently referred to as quasi-cleavage (Ref 22, 23).

Figure 13(a) displays the appearance of the fracture surface
when the gage length of the tensile sample is completely
submerged in water. Two very different areas can be observed.
The figure exhibits a flat area (marked) which has also been
described in previous papers as the site where the fracture
originates (Ref 19, 22).

This zone, defined as the water-affected zone (WAZ),
features a particular propagation mechanism with a cleavage
flat aspect, as shown in detail in Fig. 13(b). The fracture
mechanism of the cleavage involves breaking bonds. As a
consequence, local stress must be enough to surpass the
cohesive strength of the material. The susceptibility to start a
cleavage fracture is therefore enhanced by water penetration
into the material surface defect.

When the WAZ size generated during the initial stage
exceeded the critical size, the remaining ligament was unable to
endure the applied load and the failure occurred due to
overload. The aspect of the remaining surface is similar to that
described in the paragraph above for the test conducted in air
where the quasi-cleavage mechanism acted.

Even when the microstructure of the ADI metallic matrix
and that obtained in the 9260 steel bear many similarities, the
differences in the fracture surfaces are very well defined.
Needless to say, the presence of graphite nodules and cell
boundaries in ADI strongly influences the operating fracture
mechanisms in this material.

Figure 14 provides a general view of an austempered 9260
steel sample tested under dry conditions. The fracture pro-
gressed with the well-known process of growth and coales-
cence of voids with the final aspect of cup and cone. Once
voids form, further plastic strain and hydrostatic stress cause
the voids to grow and finally coalesce.

The central region of the fracture surface has a ductile
appearance at low magnifications, which can be better observed
in Fig. 14(a). The region in the periphery is relatively smooth,
since this surface is oriented 45� from the tensile axis and there
is little evidence (at low magnifications) of microvoid coales-
cence. This type of surface is usually referred to as ‘‘shear
fracture.’’ Nonetheless, if observed at higher magnification
(Fig. 14b), voids with an active role in the fracture process can
be noticed.

No differences in the fracture surfaces of samples tested wet
were observed. Hence, the paragraph above can be used to
define them as well. As a consequence, the mechanical test
results showing no water influence on the surface can be
confirmed.

Figure 14 depicts the fracture surfaces of notched tensile
specimens. The machined notch is observed at the top followed
by the crack growth by cyclic load application, with a circular
shape. Figure 15(a) corresponds to a sample tested under dry
conditions, while 15(b) to a sample submerged in water.

The sample tested in air displays a fibrous fracture after the
crack originated by fatigue and follows a radial path with its
center in the pre-cracked area. In turn, the submerged sample
exhibits a second semicircular zone following the crack
generated by the cyclic load. This zone developed under the
influence of the water present at the crack tip and applying a
monotonic tensile load, by modified assisted crack propagation.
This zone features unique characteristics of propagation that
differ from those generated by fatigue or overload, and is also
referred to as steel water-affected zone (SWAZ) to distinguish it
from that observed in ADI.Fig. 11 Nodule cavity opening cracks generated in dry tested ADI

sample
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The fracture process is completed by different mechanisms,
probably due to overload. The different zones are analyzed as
follows:

3.2 Steel Water-Affected Zone

SWAZ development occurs under a monotonic tensile load,
following the previously generated fatigue crack and influenced
by the presence of water at its tip. Figure 16 displays the
fracture surface in SWAZ, with characteristics different from
those of cyclic load. The particular propagation mechanism

features mainly a brittle or quasi-brittle flat aspect proper of
cleavage.

The general aspect at low magnification shows a sort of
rounded tongues. By increasing the magnification of the image,
some voids can be noticed.

This brittle fracture in SWAZ could be related to smaller and
more localized strains than those accompanying ductile frac-
tures. Slips occurred on planes intersecting crack fronts, and a
faceted surface is observed in SWAZ at the highest magnifi-
cation, resulting from environmentally assisted cracking under
monotonic or sustained loading.

Fig. 12 Fracture surface of an ADI sample tested in dry condition

Fig. 13 Fracture surface of an ADI sample tested in wet condition

Fig. 14 Fracture surface of steel sample tested in dry condition
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Figure 17 shows SWAZ corresponding to the tested steel at
higher magnification, while the WAZ generated on ADI
samples is exhibited in Fig. 12(b) both at the same magnifi-
cation. Undoubtedly, the influence of segregated zones and
nodules generates a different fracture surface even with similar
metallic matrices of the materials tested.

4. Conclusions

1. It was possible to obtain a microstructure on the 9260
austempered steel which is similar to that of ADI metallic
matrix, allowing to evaluate on an isolated basis its
behavior avoiding nodules and LTF zones. The very

good combination of the ultimate tensile strength and
elongation of the selected steel in dry condition can be
noticed. Such properties remain unchanged when the
samples are tested in wet condition, except in those sam-
ples with ‘‘artificial cracks.’’

2. The fact that austempered steel SAE 9260 was not sus-
ceptible to the aqueous environmentally assisted embrit-
tlement when the tensile test was conducted with the
sample submerged, confirmed that the nucleation of tiny
cracks on the LTF present on ADI microstructure is to be
blamed for the environmentally assisted embrittlement of
ADI and not the ausferritic microstructure.

3. Creating a crack on the steel samples surface to simulate
ADI conditions by means of a well-developed technique

Fig. 15 Fracture surfaces of notched tensile specimens

Fig. 16 Steel water-affected zone (SWAZ)

Fig. 17 Steel water-affected zone (SWAZ)
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used to pre-crack fracture toughness specimens allowed
to detect some degree of embrittlement on the steel.

4. The influence of water on mechanical properties is evi-
dent when cracks are present on the sample surface, natu-
rally nucleated in ADI or ‘‘induced’’ in 9260 steel.

5. The influence of water on properties drawback in steel
samples with surface cracks is less detrimental than that
in ADI. This behavior could be attributed to the fact that
LTF zones and graphite nodules also participate in the
fracture process, thereby emphasizing properties reduc-
tion, mainly elongation.

6. A particular fracture surface was detected and referred to
as steel water-affected zone (SWAZ), showing unique
features when compared, for instance, to fatigue cracks
or the overload zone.
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