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Abstract

Thermo-mechanical processing of ductile irons is a potential method for enhancing their
mechanical properties. A ductile cast iron containing 3.6% C, 2.6% Si and 0.045% Mg was
continuously hot-and-warm rolled or one-step press-forged from a temperature in the austenite
range (900°C-1100°C) to a temperature below the A, temperature. Various amounts of reduction
were used (from 60% to more than 90%) followed by a short heat treatment at 600°C. The heat
treatment lead to a structure of fine graphite in a matrix of ferrite and carbides. The hot-and-
warm worked materials developed a pearlitic microstructure while the press-forged material
developed a spheroidite-like carbide microstructure in the matrix. Cementite-denuded ferrite
zones were developed around graphite stringers in the hot-and-warm worked materials, but such
zones were absent in the press-forged material. Tensile properties including tensile strength and
total elongation were measured along the direction parallel and transverse to the rolling direction
and along the direction transverse to the press-forging direction. The tensile ductility and
strength both increased with a decrease in the amount of hot-and-warm working. The press-
forged materials showed higher strength (645 MPa) than the hot-and-warm worked materials
(575 MPa) when compared at the same ductility level (22% elongation).

This work was performed under the auspices of the U.S. Department of Energy by the Lawrence
Livermore National Laboratory under Contract No. W-7405-ENG-48.




Introduction

It is the purpose of this paper to discuss some of the mechanical properties of ductile iron after
various thermo-mechanical processing steps. Although ductile iron is usually used in the as-cast
condition, there is now evidence that such a material can have considerably improved room
temperature properties after various hot-and-warm working steps .

Ductile iron can be classified as a hypereutectoid steel since its typical composition is about 3.5%
carbon with about 2.5% silicon. It has many of the characteristics of ultrahigh carbon steels
(UHCSs) in that when heated high in the austenite range, it can have as much as 1.6% C in
solution. Thus, the transformation products and mechanical processing steps studied extensively
in UHCSs!™ can be directly applied to achieving unusual structures and properties in ductile
irons. It is the purpose of this paper to show some of the structures and properties obtained in a
ductile iron after deformation by hot-and-warm working rolling and by press-forging. Some
attention will be paid to the formation of ferrite-free regions during mechanical working, and to
relating this structural feature to the diffusion kinetics of carbon and iron in the austenite and
ferrite regions.

ron-Graphite, Iron-Iron carbide Phase Diagram

The selection of appropriate thermo-mechanical working steps requires knowledge of the phases
in ductile iron as a function of temperature. Accordingly, Fe-graphite and Fe-Fe;C phase
diagrams for an Fe-2.5% Si-C material are shown in Fig. 1. The phase diagram for Fe-graphite
(in dotted lines) is from reference [8], whereas the diagram for Fe-FesC (in solid lines) was
constructed by interpolation of the diagrams for the Fe-2% Si-C™ and Fe-3% Si-C!'” systems.

UL DL L L ¥ 1 ¥

1
L + Graphite ]

1200

...........................................

1100

»
$1000 ; Y+ FeSC
% v + Graphite
g

900}
E o+ Y+ FeSC

....................................................

_ « o +Fe C ]
700§ o + Graphite 7]
L 1 A I 1 i i L l 1 i A L ' 1 1 1 1 I 1 H 1 L ]
6000 1 2 3 4 5
Carbon, wt%

Fig. 1. Estimated phase diagrams for the Fe-Fe;C (in solid lines) and Fe-graphite (in dotted
lines) system containing 2.5% Si.
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Several observations that are relevant to the current study can be made from Fig. 1: (1) it defines
the amount of C in solution in austenite as a function of temperature (since it is about the same
line for both Fe-C and Fe-Fe3C); (2) it defines the boundary above which the ferrite (o) phase
disappears (about 900°C for our 3.5% C ductile iron); (3) it indicates that above 900°C, austenite
is likely in metastable equilibrium with graphite and iron carbide just as, at low temperature,
ferrite is in metastable equilibrium with iron carbide and graphite; (4) it predicts the melting
temperature or start of melting for the ductile iron at about 1120 to 1140°C and indicates the
upper limit of metal working; and (5) it suggests that a four phase region likely exists during
mechanical working of the ductile iron from the austenite region to the ferrite region, namely
ferrite, austenite, graphite and iron carbide.

Material and eri 1P ures
Material

Ductile iron with a nominal composition of 3.6% C, 2.6% Si, 0.045% Mg and balance Fe was
received in the form of rectangular plates with dimensions of 25 mm x 75 mm x 300 mm.
Material was obtained in the as-cast and austempered conditions. Small blocks of 25 mm x 32
mm x 38 mm size were sliced from the plates and used as the starting material for thermo-
mechanical working.

essing Procedu

Samples were thermo-mechanically processed using rolling and pressing procedures. Details of
the procedures are described elsewhere!® but can be summarized as follows: Four different
processing procedures, involving either hot and warm working (HWW), or multiple warm
working, were used: (1) Continuous HWW rolling at 1100 to 800°C in seven passes resulting in
a true strain of €=1.7; (2) Multiple HWW Rolling to get large strains. The sample was
deformed to €=1.2 in six passes at 1100 to 800°C, reheated to 1100°C and deformed to €=1.45
in two passes with a total €=2.65; (3) Press-Forging at 1100°C to £=2.07 in two seconds; (4)
Multiple Warm Working Procedure. Samples were heated to 900°C to fully transform ferrite to
austenite containing 1.0% carbon, with graphite and probably some undissolved iron carbide.
Four rolling steps, with reheating to 900°C, were used. Each rolling step involved four passes
with £=0.12 per pass, resulting in a total deformation of €=1.80.

The maximum thickness reduction rate (true strain rate) of thickness in each rolling pass was
estimated to be about 0.1 sec”’. The forging strain rate was estimated to be about 1 sec’’. All
thermo-mechanically worked samples were annealed for 20 minutes at 600°C. The purpose of
this treatment was to transform any retained austenite to ferrite plus carbide. The presence of
some retained austenite is expected because of ferrite formation during mechanical working and
the rejection of carbon into the remaining austenite, making for a high carbon austenite, which
remains stable at room temperature.

Tensile T d Metallograph

Tensile test samples with a 5 mm gage width and 12.5 mm gage length were prepared from the
rolled or pressed materials by electro-discharge machining (EDM). Samples from the rolled
materials were machined in both the longitudinal and transverse directions. For the press-forged
materials, tensile samples were machined with the tensile axis parallel to the radial direction. All
tensile tests were performed at room temperature. Optical and scanning electron microscopy of
as-received and thermo-mechanically processed and heat treated materials were performed.



Results and_Discussion
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Typical optical microstructures of the as-cast and as-austempered materials in the as-received
condition are shown in Figs. 2(a) and (b). Examples of microstructures obtained after
continuous HWW and press-forgi g of the as-cast material followed by the short annealing
treatment are shown in Figs. 3(a) and (b), respectively. Mechanical working (and annealing)
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Fig. 2. Optical microstructures of the (a} as-cast and (b) as-austempered materials in the as-
rccelvcd condltlon.
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leads to the following general microstructural features: (1) highly clongated grapt
particles, increasing in aspect ratio with mcreasmg mechanical working (Fig. 3
except:on of the press—rorgca sample (Fig. 3(b}}; (2) cementite-denuded ferrite zones

111 al
usually located adjacent to the graphite stringers in the HWW treated material, but not in the
press-forged one; (3) the dark appearing regions seen in the micrographs of Figs. 3(a) and (b)
(that are not graphite ..edulcs) are regions cor taining ferrite and cementite as shown in the
corresponding high magnification scanning electron micrographs Figs. 4(a) and (b). The HWW

sample shows a microstructure consisted of fine pealite colonies (Fig. 4(a)). The press-forged
material (Fig. 4(b)) shows a spheroidized carbide structure expected from an uphill
transformation of retained austenite as described elsewhere™. The retained austenite resulted
from the rapid cooling from 1100°C during press forging.

trengths and tensile ductilities of the mechanically processed ductile iron are shown
ion of the degree of mechanical work, €y = -In (h /he), where h, is the
ess. As can be seen, there is a strong effect of the



as-cast material and the short annealing treatment.

Fig. 3. Optical microstructures obtained after (a) continuous HWW and (b) press-forging of the
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m1croeranhs of qu 3( a) and (b) (that are not graphite odules) respectively.

processing route and the amount of deformation durmg processmg on the strength and cluctlhty
Both the strengtn and the tensile ductility are seen to decrease with an increase in the amount or
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work. This correlation between strength and ductility is different from that typically observed in
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ductile irons in which the tensile ductility decreases as the strength is increased!'). The basis of
the unexpected result obtained here can be understo i" rms of the materials resi ut... ce to
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obtained here and has been discussed elsewhere!®.
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Fig. 5. Tensile strength and ductility vs.
working strain for ductile iron.

In Fig. 5, the longitudinal samples
show both a higher strength and
higher ductility than the transverse
samples.  This result is readily
explained by the morphology of the
graphite relative to the test direction.
In the transverse sample, the cross-
sectional area of the graphite normal to
the tensile axis is larger than the cross-
sectional area of graphite in the
longitudinal sample. The larger cross-
sectional area of graphite in the
transverse sample produces higher
local stresses in the  matrx
surrounding a cracked graphite ribbon
than in the longitudinal sample. Thus,
damage development and failure will
occur at lower stress, leading to lower
ductility and lower strength values in
the transverse sample. Another
variable to consider is texture
development during rolling. No
studies on texture, however, have
been done on the rolled ductile iron
and therefore this variable remains to
be explored.

The press-forged ductile iron shows
the highest tensile strength when
compared at the same mechanical
working strain, see Fig. 5. The tensile

strength and total elongation data from Fig. 5 for the different processing conditions were
replotted in Fig. 6. The press forged material also shows the highest tensile strength when
compared at the same elongation or ductility level as seen in Fig. 6. The higher strength results
from the smaller nodule sizes that are observed in the press-forged material relative to the rolled
materials. Smaller graphite nodules are obtained because of carbon dissolution at the temperature
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Fig. 6. Tensile strength vs. elongation for press-
forged ductile iron studied.

of pressing (1100°C) and subsequent
rapid pressing. Since the sample was
rapidly cooled during pressing, a
higher concentration of carbon was
retained in austenite during cooling
than in the rolled material. The
dissolved carbon became iron carbide
during the heat treating step at 600°C
and did not increase the volume
fraction of graphite. Another reason
for the higher strength is the absence
of a cementite denuded ferrite zone
around graphite stringers in the press-
forged material as shown in Fig. 3(b).
The spheroidized carbide structure
developed right around the graphite
stringers is inherently stronger than
the cementite-denuded carbon-free



ferrite zones present in the rolled
materials.
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Extrapolation of the data given in Fig.
5 to lower working strains suggests an
interesting trend in strength and
ductility at strains below 1.7 as shown
in Fig. 7. It seems reasonable that the
trend of increasing strength and
ductility with decreasing working
strain may reach a maximum and then
decrease to the levels of as-cast ol a
strength and ductility. Further study is % ] > 30
warranted to develop a processing g, . =-In(h _/h)

condition which will give an optimal i W o 1 i
strength and ductility at a lower strain Fig. 7. Extrapolation of the data given Fig. 5 to
level than used in the present study. low working strain.

Cementite Denuded Zones

The absence of cementite-denuded zones in the press-forged material (Fig. 3(b)) and their
presence in the HWW (Fig. 3(a)) material can be explained qualitatively from the phase diagram
shown in Fig. 1. The materials were initially heated to 1100°C and the structure consisted of
austenite, cementite and graphite, as can be seen from the phase diagram. During the thermo-
mechanical processing, as each material cools down from 1100°C, carbon in the austenite either
migrates to the nearest graphite nodules or forms more cementite (proeutectoid carbide) particles.
However, the large deformation during the thermo-mechanical processing would prevent the
cementite formation and even enhance the dissolution of the existing cementite particles by
providing fast diffusion paths resulting from dislocation production. Since graphite is
thermodynamically more stable than cementite, deformation at elevated temperature, and slow
cooling will always promote dissolution of cementite particles. In the present case of the HWW
material, the slow plastic deformation combined with slow cooling lead to the creation of the
denuded zones around graphite nodules. On the other hand, the fast deformation and rapid
cooling of the press forged material prevented the cementite particles from dissolving. The rapid
cooling also prevented the austenite-to-ferrite transformation and lead to a large volume fraction
of retained austenite or martensite in the as-forged condition, which in turn transformed to fine
spheroidized carbide structure during post heat treatment as shown in Fig. 3(b).
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The kinetics of denuded zone formation can be understood in terms of the dissolution
mechanisms of carbon and iron during the thermo-mechanical processing. The dissolution
process is controlled by the slower of the two diffusing species, iron and carbon. The average
width, A, of the denuded zones in Fig. 3(a) was estimated to be about 6 um and the total
deformation time, t, during the HWW processing was about 20 seconds. Thus the diffusivity,
D, required for rate-controlling species to move a distance of 6 pm was estimated to be about
4.5-10™ m¥sec. from the simple relationship, A=2-(D-t)'”2. This calculated value of diffusivity
was compared with the known diffusivity data for carbon and iron in ferrite or austenite for the
temperature range of thermo-mechanical processing used in the present study as shown in Fig. 8.
Diffusivity data in Fig. 8 were calculated from the pre-exponential factors and activation energies
cited in reference 12. A horizontal line representing the calculated diffusivity 4.5-10"" m”/sec.
was drawn in Fig. 8. One can see that the carbon diffusivity is more than an order of magnitude
higher than this value over the temperature range of the thermo-mechanical processing, and hence
it cannot be the rate-controlling mechanism. The carbon, once dissolved, diffuses rapidly to the
graphite boundary. Therefore, since iron moves slower than carbon, it must be the iron
diffusivity that controls the dissolution rate of cementite particles. The calculated diffusivity is,




however, much higher than the
diffusivity of iron-in-austenite and
iron-in-ferrite. Thus, it must be a
strain-enhanced iron diffusion that is
taking place, either by creation of
numerous  dislocation-short-circuit
contribution or generation of
vacancies”. The denuding process
must be occurring in the temperature
range of 750°C to 950°C where lots
of iron carbide precipitates will be
present as can be inferred from the
phase diagram in Fig. 1.

Conclusions

1. A ductile cast iron has been
shown to be readily thermo-
mechanically worked by
continuous hot-and-warm rolling
and by one-step large strain
press-forging.

2. In the strain range studied
(e,=1.7 to 2.5), tensile strength
and ductility both increase with a
decrease in the amount of hot and
warm working.

3. The press-forged ductile iron
showed higher strength than the
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Fig. 8. Diffusivity of iron and carbon in ferrite and
austenite irons estimated from data in reference 12.

rolled ductile iron when compared at the same strain.

4. Cementite denuded ferrite zones around graphite stringers are formed in the continuos hot-
and-warm worked condition but not in the press-forged condition.

5. The formation of denuded zones are rate-controlled by iron diffusion in iron during the
thermo-mechanical processing procedures.
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