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Synopsis

Austempered ductile
iron (ADI) is a ductile
iron which has had its
matrix toughened by an
austempering process.
The alloy exhibits
remarkable properties,
which it owes to a
unique microstructure
comprising graphite
nodules embedded in a
matrix qf adcular ferrite
and carbon-enriched
austenite. The
properties include high
strength combined with
high toughness and
ductility. Excellent wear
resistance is also
exhibited because,
under strain, the
austenite is tranq'ormed
locallY to martensite.

Samples qf ductile
iron were austempered
to produce grades II and
IV AD!, and were tested
at various strain rates.
The grade IV ADI
exhibited higher
strengths and lower
ductilities, and the
strengths were found to
be more dependent on
strain rate. Transfor-
mation to martensite
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on the mechanical properties of
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Introduction

Austempered ductile iron (Am) is a ductile iron
which has been subjected to an austempering
heat treatment to produce a matrix of acicular
ferrite in carbon-enriched austenite.

The initial composition of the base alloy is
important to produce a good-quality ADI. Alloying
elements are usually considered in groups: those
which are carbide formers and segregate between
the nodules, and those which segregate prefer-
entially to the nodule-matrix interface!.2. The
presence of certain alloying elements affects the
local duration of austenitization and the austem-
pering reaction. The carbon equivalent is
recommended to lie in the range 4,3 to 4,6 per
cent by weight depending on the section
thickness3. Thicker sections usually need alloying
elements, e.g. copper, nickel, and molybdenum,
to promote hardenability. The high silicon content
suppresses the bainite reaction (which would
occur in most steels), and an intermediate micro-
structure consisting of ferrite and carbon-enriched
austenite is formed instead. The structure of
acicular ferrite in carbon-enriched austenite is
commonly referred to as ausferrite.

The austempering heat treatment is affected
by the chemical composition, time, and tempera-
ture. The components are austenitized at a
temperature around 900°C to allow sufficient
time for the matrix to be completely transformed
to austenite4. The austenitizing temperature is
kept to a minimum to avoid reduction in the
ductility, which occurs as the temperature
approaches 900°C. The material is then quenched
to the austempering temperature (between 250

and 400°C), and is held isothermally to produce
the required microstructure. The holding time at
the austempering temperature is usually between
1,5 and 4 hours5 and is dependent on the
austempering temperature. The austempering
time is a minimum of 1 hour, and depends on
the alloy content. If the alloy contains elements
that segregate to the nodule-matrix interface
(e.g. copper), the austempering time should be
increased to allow a maximum amount of carbon
to diffuse from the nodule back into the matrix.
The austempering temperature determines the
grade of the Am, and is the key to the production
of the desired properties. In common with other
cast irons, the grades are specified by mechanical
properties rather than by simple composition.
For specification purposes, the material must
exceed given minimum values for yield and
ultimate tensile stress (UTS), ductility, impact
energy, and hardness. These minimum values
are given in Table I. To ascertain the grade for a
particular shape of component, an individual
trial must be undertaken, and data from other
components cannot be substituted.

During austempering, acicular ferrite is
formed, rejecting carbon, which is absorbed by
the austenite, thereby stabilizing it. The amount
of carbon in the enriched austenite can lie
between 0,8 and 2,0 per cent because austem-
pering occurs in the austenite + carbide field,
which allows higher carbon contents in
austenite. This renders the martensite transfor-
mation more difficult, which gives the material
its toughness. At high austempering temper-
atures' a coarser structure is produced, which
has lower tensile strength, and usually greater

Table I

Specification for various grades of austempered ductile iron (ASTM 897-90)

MinimumUTS
stress
MPa

850
1050
1200
1400
1600
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* Un-notched Charpy bars tested at 22 :!: 4"C

Minimum
elongation

%

269 - 321
302 - 363
341-444
388 - 477
444 - 555

Typical
hardness

BHN

10
7
4
1

n/a
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was more prevalent at
the lower strain rates. A
mechanism if increased

}low stress and work
hardening in the
austenite if the matrix
is proposed to explain
the higher strength if
the samples at high
strain rates, where
signjficantlY less
martensite isformed in
the matrix.
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toughness and fracture toughness. Conversely,
lower austempering temperatures give a structure
which is finer, and has more strength, hardness,
and wear resistance6. The time at the austem-
pering temperature is also important: too short a
time results in unstable austenite which is readily
transformed into martensite and is usually more
brittle. A small amount of fine martensite can be
beneficial in improving both the wear and the.
fatigue resistance. On the other hand, too long at
the austempering temperature means that the
austenite decomposes into bainite, Le. ferrite and
carbide, which results in embrittlement. The
process control during austempering must avoid
these extremes. The ideal treatment times are
shorter at high austempering temperatures, and
longer at low temperatures3. At low-temperature
austempering, carbides can form.

Very little work has been done on the effect
of strain rate on these materials, but Kobayashi
and Yamamot07 report that elongation decreases
with increasing strain rate. This would be
expected if martensite was being formed. The
aim of the investigation described here was to
show the effect of the strain rate on selected
mechanical properties.

Table"
Composition of the experimental ADI (in
per cent by weight)

Composition

3,54
2,46
0,27
0,038
0,003
0,07
0,062
0,53
0,04

Trace
Trace

0,001

Experimental procedure

The samples were analysed to ensure that the
chemical composition was suitable for the
production of Am (Table II). The microstructure
was studied for its suitability, and was found to
comprise carbon nodules surrounded by ferrite
in a predominantly pearlitic matrix. The carbon
equivalent of 4,36 per cent was found by use of
the following formulas:

Carbon equivalent =% C + % Si/3. [1]

This carbon equivalent, together with the nodule
count of 200 nodules per square millimetre and
the high pearlite content (Figure 1), gave a
suitable ADl. Ignoring the graphite, the propor-
tions of pearlite and ferrite were 88 and 12 per
cent respectively, which is considered good for
ADl.

The samples were austenitized in molten salt
at 880°C for 2 hours. Austempering was
conducted in a nitrite-nitrate bath for 1,5 hours
at both 310°C and 380°C. The austenitizing time
compensated for the presence of copper, which
segregates at the nodules and is a barrier to
carbon diffusion. Hardness tests were undertaken
on the initial heat-treated material to ensure that
the alloys were within specification.

Mechanical testing comprised hardness and
tensile tests at two different strain rates. The
tensile test specimens were machined from keel
blocks to a gauge length of 30 mm and a gauge
diameter of 6 mm. Precautions were taken to
ensure that the keel blocks were the same size
so that the nodule counts and matrix cell sizes
would be similar. Four specimens were tested for
each condition. The different strain rates were
produced by cross-head displacements of 0,5
and 6,2 mm per minute. The average strain rate
was deduced per specimen, and was found to
vary slightly but to be consistent within each
condition. The hardness was measured after the
straining, the average of five indentations being
taken. Microstructural examination by optical
and scanning electron microscopy (SEM) was
undertaken before and after the straining, and
the specimens were also examined under
polarized light to check for the presence of
martensite. The latter was also checked by the
use of different etches, such as 2 per cent nital
and Vilella's reagent. The fracture surfaces were
studied by SEM.

X-ray diffraction was conducted to confirm
the phases present. Copper Ka radiation with a
wavelength of 0,15406 nm was used, and the
incident angle was varied between 2,5 and 45
degrees. As the spectra showed very high
background-to-peak ratios, they gave only
indications rather than precise values.

Figure 1-Microstructure of the ductile iron, showing graphite spheroids in a matrix of
pearlite, with ferrite surrounding the nodules: a classic 'bull's eye' structure Ix 100)
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Table 11/

Mechanical properties of the different grades at different strain
rates*

Figure 2-5EM micrograph in secondary mode: matrix of grade 11ADI, showing coarse
ferrite plates in a matrix of austenite. Bar represents 10 IIm

Figure 3-SEM micrograph in secondary mode: matrix of grade IV ADI, showing a feathery
lath network of ferrite, with seams of stabilized austenite and martensite. Bar represents
10llm
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Results

The results of the initial hardness tests on the
unstrained material (415 BHN and 331 BHN
respectively) gave a rough indication that
austenitizing at 310 and 380°C had produced
grades IV and II AD! respectively. This was
confirmed by the results of the tensile test, as
shown in Table Ill.

It can be seen that grade IVAD! austempered
at the lower temperature, when compared with
grade II AD!, exhibited higher strength (shown
by the yield stress and UTS), and higher hardness
and lower ductility (shown by the elongation
and area-reduction values). The UTS showed
less sensitivity to strain rate than the yield stress
in both grades. GradeII showed a 7 per cent
increase in yield stress when tested at the higher
strain rate, whereas grade IV showed a 6 per
cent increase under similar conditions. Confidence
testing showed that the increases for each material
were significant at 99,9 per cent confidence levels.
However, the difference between the increases in
the two grades is not deemed significant.

The differences in UTS with strain rate were
less significant. The strain rate appeared to have
little effect on the ductility, which is contrary to
Kobayashi7 but, as the tests were undertaken
under different conditions, the results are not
directly comparable. Although an increase in
strain rate increased the yield strength in the
individual grades, the effect on hardness
appeared to be the opposite, which is unusual.

Figures 2 and 3 show the microstructures of
the unstrained grades II and IV respectively.
Coarse ferrite plates in austenite can easily be
seen in Figure 2, whereas the structure is much
more angular and finer in Figure 3. The angular
appearance was primarily due to the fine lath
structure of the ferrite, rather than to the
intermediate bands of austenite and possibly
martensite. The sizes of the austenite grains
were estimated by identification of regions of
parallel ferrite plates or laths, and were very
similar, with grade II slightly larger.

Figures 4 and 5 are secondary and back-
scattered SEM images of unstrained grades II
and IV. The images show a contrast between the
topography (secondary electron mode on the left
hand) and the composition (backscattered
electron mode on the right hand). Figure 4
indicates two phases (ferrite and austenite) ,
whereas in Figure 5 it can be seen that there are
three phases (ferrite, austenite, and martensite).
The contrast is limited, because there are only
small compositional differences between the
phases (up to 2 per cent by weight). The phases
can be identified in order of increasing carbon
content, the darkest being ferrite plates, then
martensite and, finally, the lightest being
austenite, which is not in lath form and appears
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more equiaxed. The austenite would be expected
to have the highest carbon content since it is
carbon-enriched. Attempts to reveal the
martensite more clearly by etching were not
successful, but observations with polarized light
agreed with the above.

Micrographs of the material after it had been
tested indicated more martensite in the grade IV
material which had been subjected to the lower
strain rate. The microstructures of grade Il were
similar, and consisted mainly of two phases.

The fracture surfaces showed very little
difference with strain rate. Fracture had occurred
in the matrix, and the graphite nodules were
pulled out. The grade Il material fractured with
more ductile features at both strain rates.

Figure 4-SEM micrograph (secondary electron mode on the right and backscattered
electron mode on the left), showing matrix of grade 11ADI with coarse and distinct ferrite
platelets in austenite. Bar represents 1 IIm

Figure 5-5EM micrograph (secondary electron mode on the right and backscattered
electron mode on the left), showing matrix of grade IVADI with ferrite laths surrounded by
austenite, and (darker) martensite between. Bar represents 1 IIm
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Discussion

Ferrite plates, or laths in the finer morphology,
were observed in the stabilized austenite. The
heat treatment was successful in producing the
required structure in the grade Il material, but
the presence of martensite in the unstrained
grade IV material was an indication of a
prematurely terminated austempering stage.

Mechanical testing indicated that the applied
strain rates affected the yield stress, but not the
UTS nor the ductility to any great extent.
Although the mechanical effects were similar,
the microstructures were different for the two
grades, and the same mechanism is unlikely to
have been responsible in both grades. In grade Il
the ferrite was present in the form of coarse
plates, whereas in grade IVthe laths were very
much finer, and the grain boundaries were
clearer. The finer structure is expected from the
different austempering temperatures. Reduced
diffusion rates at lower temperatures would
result in a finer structure. The orientation of the
ferrite phase in both grades provided an indica-
tion of the original austenite grain size, and the
grade Il specimen had a slightly larger austenite
grain size. This might be expected, since it was
austempered at a higher temperature. The
fineness of the ferrite structure would increase
the strength of the material, as was shown by
the higher strength of grade IV. The apparent
improved ductility of grade Il could originate
from the coarser ferrite structure, but the
increase was not significant. It is unlikely that
the different austenite grain sizes were sufficient
to promote any distinguishable effect.

The presence of martensite was at first
puzzling, since it is supposed to form under
strain. However, the grade IV specimens
contained marten site prior to straining, which
was deduced to have originated from a premature
termination of the austempering stage. Both
samples were austempered for the same period,
even though it is known that the best results are
achieved by austempering for short times at high
temperature, or longer times at low temperature3.
The period of 1,5 hours was chosen because it
was thought that this was long enough to allow
transformation at lower temperatures.
Preparatory work had indicated, for short times
at least, that there was no apparent risk of
bainite formation when the material was held
too long at 310°C. However, the occurrence of
martensite even before straining shows that the
period was too short, and some austenite, which
was not sufficiently enriched in carbon to
become stable, was transformed to martensite
when the specimens cooled3. The X-ray results
indicated that the grade IV material also
contained carbide, but this was not distinguished
micrographically because it is formed in small
particles at the ferrite-austenite interface. Its
presence could also explain the lower bainite-like
appearance. Carbide is more likely after treatment
at a lower temperature.

The Journal of The South African Institute of Mining and Metallurgy
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Although the fracture surfaces showed
characteristics of both ductile and brittle failure,
the grade IV material exhibited a greater area of
ductile failure in the material of low strain rate
than in that of higher strain rate. The amount of
martensite was higher in the more slowly strained
specimen, and the yield stress was lower, than in
the material of faster strain rate. Therefore, the
factor contributing to the higher proportion of
brittle fracture in the faster -strained specimen
was not martensite. Sidjanin et al.9, in an
investigation of an Am with 2,2 per cent
aluminium, by weight, found that the occurrence
of brittle fracture was associated with carbide
type E and particularly X,and a fine plate spacing.
when carbides, particularly

X'
precipitated on the

ferrite-austenite interfaces, deformation was
constrained, and brittle fracture resulted. The X-
ray-diffraction analyses indicated that the grade
IV material contained carbides, and this material
showed the most variation in failure mode.
However, the proportions of brittle failure were
much less than in the alloy tested by Sidjanin et
al.9, and the composition was also different.

Martensite was difficult to discern by SEM in
the grade II material. However, X-ray analysis
and optical microscopy using polarized light
confirmed the existence of martensite in the
samples of both low and high strain rate. The
grade IV material contained marten site both
initially and after being strained. As with the
lower-grade Am, there was more martensite
after straining at the slower rate. There was less
austenite in the material subjected to the slower
strain rate than in that subjected to the faster
rate, and less austenite in the faster-strained
material than in the unstrained material. These
results suggest that, under strain, the austenite
was transformed to martensite, but that the
effect was more pronounced at low strain rates.
The hardness results appeared to agree with this:
material strained at the slower rate was harder in
both cases. The hardness values after testing at
both strain rates were higher than the unstrained
values, with the greater increase for the lower
strain rate, which was associated with more
martensite in the microstructure.

The difference in marten site could be
explained by the austenite transformation. Once
some martensite has formed, it places the
austenite in compression (since martensite is
less dense), and hinders further transformation.
Thus, the austenite is stabilized in two ways: by
the higher carbon content and by constraint, and
so needs more time to be transformed. The more
slowly strained material contained more marten-
site because there was sufficient time for it to be
transformed, whereas the faster strain rate did
not allow significant transformation. Mayer et
al. 10 recorded that martensite transformation
depends on the stability of the austenite, and
reported that a minimum of 20 per cent retained
austenite is needed. This value agrees with those
found in the present investigation. The apparent
anomalous relationship of decreasing hardness
and increasing yield stress with increased strain
rates is explained by the constant (and much
faster than in the tensile tests) loading rate in
the hardness tests. There would be much less (if
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any) transformation to marten site during hard-
ness tests than in tensile tests. Thus, hardness
tests were undertaken on a more stable micro-
structure, while the tensile tests were carried out
on a more dynamic microstructure.

The strengthening mechanism causing the
higher yield stresses in the material strained at
the higher rate was not directly related to either
marten site or ferrite since the phase proportions
were nearly constant in the microstructures.
Ferrite also contains very limited amounts of
carbon, and there is no known enrichment effect,
which makes ferrite strengthening unlikely. The
carbides might have had a small effect on the
grade IV material, but no carbides were present
in the grade II material, which also exhibited a
similar relationship between yield stress and
strain rate.

Alternatively, the higher yield stress could
have been due to some factor in the austenite,
and a speculative explanation is offered. It is
probable that the inherent strength of the
austenite had increased, as a result of solution
strengthening because of the higher carbon
content. Lower austempering temperature allows
less diffusion of carbon, and the austenite of the
grade IV material might be expected to have a
higher carbon content than that of the grade II
material. Solid-solution strengthening improves
as the proportion of the second element increases,
usually to a limit. Thus, a higher carbon content
would provide strengthening and, even without
any workhardening, the carbon-enriched austenite
would be more difficult to deform, and hence the
higher yield stress and hardness. More carbon
would also increase the workhardening rate by
interacting with dislocations, which would also
increase the UTS. Both these factors would
promote high strength, but with a tendency to
brittleness, which was seen in the fracture
surfaces of the grade IV samples. It must be
emphasized that this mechanism may not have
occurred in the grade IV material which had been
austempered longer, since martensite would not
have been present initially, and the austenite
would probably have been transformed more
easily. The evaluation of this explanation
requires more tests, especially on material that
has been austempered for longer times.

Summary

Am grades II and IVwere tested at different
strain rates, and it was found that there was an
increase in yield stress with strain rate. There
was an increase in hardness compared with the
unstrained values, although the effect decreased
with increasing strain rate. However, the differ-
ences were still within the Am specifications,
and probably do not have any significance to the
application of Am in practice. More martensite
was observed in the specimens subjected to slower
strain rates, which suggests that the martensite
transformation was time-dependent. A speculative
explanation regarding strengthening in the
austenite was proposed to explain the higher
yield stresses and hardnesses which were asso-
ciated with lower martensite content. .
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