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Abstract

Highly alloyed CD3MWCuN was chosen to investigate the influence of cooling rates on the ferrite content of duplex stain-
less steels. It is known that cooling rate can influence the overall ferrite/austenite ratio, and achieving the proper balance
of phases is crucial in producing a casting with suitable mechanical and corrosion properties. Initial experiments were
carried out to study the ferrite/austenite ratio as a function of cooling involved samples obtained using different cooling
rates through the solidification temperature as well as different cooling rates from the homogenization temperature.
A single keel bar was obtained, sectioned, and recast at six different solidification cooling rates. Each of the six castings
was then sectioned into six pieces and each piece cooled from the homogenization temperature to produce six different
homogenization cooling rates. Backscattered electron imaging was used to measure the phase percentages and observe
the microstructures. The ferrite content was found to increase with increasing homogenization cooling rates. It was also
found that the homogenization cooling rate should be higher than 200 °C/h in order to get high ferrite contents (>40%).

As the cooling rate slows, intermetallic phases such as sigma start to precipitate at the grain boundaries.
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1 Introduction

Duplex stainless steels (DSSs), which consist of a 50/50
mixture of austenite (y) and ferrite (a), are extensively used
in a variety of applications including marine, oil, pulp and
petrochemical industries due to their excellent mechani-
cal properties and corrosion resistance [1-3]. The physical
properties of DSS are between those of ferritic stainless
and austenitic stainless steels but more likely to be closer
to carbon steel [4]. In comparison with pure austenitic
grades, DSS have better stress corrosion, pitting, and crev-
ice corrosion resistance [3].

The ferrite content plays a crucial role in the corro-
sion and stress corrosion cracking resistance of DSS [4].
Research has also found that the ferrite content is related
to low temperature toughness of DSS welds [5]. Much
research has been done to investigate the effect of the

various alloying elements on the ferrite content [6, 7].
However, less work has been conducted on investigating
the effect of cooling rates on the ferrite content. It has long
been known that cooling rate in the solid state from high
temperature in steels affects both the room temperature
phase distribution and the microstructure, as evidenced
by the formation of metastable phases such as martensite
and the variation in lamellar spacing that can be produced
in pearlite. What is less known is how cooling rate can
affect the ferrite/austenite ratio seen in duplex stainless
steels. This is of particular importance in large steel cast-
ings, where changes in section thickness can produce a
variety of starting microstructures before homogenization
heat treatments, and result in different cooling rates from
that homogenization temperature. Thus, estimation of the
ferrite/austenite ratio is important.
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Determination of the ferrite/austenite ratio is compli-
cated by the fact that intermetallic phase formation has
been noted in highly alloyed steels when cooling at the
slower rates from the homogenization temperature [8].
While the amounts that have been seen are relatively
small, usually less than five volume percent, they produce
a significant drop in the fracture toughness of DSS [8] and
can affect what would have been the expected ferrite/aus-
tenite ratio. Intermetallics usually are seen to form at the
expense of the ferrite phase, so measurements made on
the basis of magnetic means can be affected.

Historically, the ferrite content of steels has been esti-
mated using constitution diagrams such as those deter-
mined by Schaeffler [9], DeLong [10] and the Welding
Research Council (WRC-92) [11]. These constitution dia-
grams are all based on the determination of Cr and Ni
alloying addition equivalents; they do not include cool-
ing rates and do not accurately predict the ferrite content
when the Cr content is extremely high, as is the case for
highly alloyed stainless steels such as CD3MWCuN. Thus,
a need exists for a more study of the ferrite/austenite ratio
for highly alloyed steels, one that includes the effect of
cooling rate as well as composition variation.

In this paper, the effect of cooling rate on the ferrite
content was investigated. Results obtained in material of
a single composition that had been solidified and cooled
at various rates, then homogenized and cooled again at
various rates will be presented.

2 Experimental procedure

Keel bars 35x20x 180 mm in size of CD3MCuN were
received for examination. The nominal composition of
the as-received bars is shown in Table 1. A single keel
bar was selected (Fig. 1a) and sectioned into six pieces
of roughly equal weight. From these pieces of assumed
identical composition, six cylindrical samples (18 mm
diameter x 30 mm length) were produced by remelting
and controlled cooling casting (Fig. 1b). The six samples
were heated to 1525 °C under an Argon atmosphere, held
for 30 min, and then cooled to 400 °C with six different
solidification rates (10, 20, 50, 100, 200, 300 °C/h), after
which the furnace was powered off and the samples were
allowed to cool to room temperature. This range of cooling
rates was selected based upon industry input. Computer
models have shown that rates various can be produced
in extremely large castings. The desire was to account for
rates that might be expected if such castings cooled using
normal conditions and in cases where the cooling proce-
dure may either fail or be disrupted in the process.

Eight slices approximately 2.5 mm thick were cut from
each of the six solidified cylindrical samples. One slice
from each of the six different solidification rates was
then selected, and the chosen slices were encapsulated
under an Ar atmosphere for subsequent controlled cool-
ing from the homogenization temperature (Fig. 1c). This
was repeated five more times, producing a total of six

Table 1 Nominal composition

. Element Mn Si
of received CD3MWCuN

Ni Cr Mo Fe Cu W N

material (major elements) Wit% 0.42 0.73

7.37 24.74 3.69 61.3 0.677 0.54 0.23

(a)

(©)

(b)

Fig. 1 aKeel bar selected for the experiment. b Example of a recast sample solidified at a controlled rate. ¢ Typical encapsulated samples for

controlled cooling from the homogenization temperature
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encapsulations, each containing one slice from each of the
six solidification rate samples. Each capsule of six slices
was then heated homogenized. A homogenization heat
treatment of 1250 °C for 4 h was used in this study. This
decision was based on the work of Dupont [12], who found
complete dissolution of the sigma phase and homog-
enization of Mo only happened after a heat treatment of
1205 °C for 4 h. This same study also found that this heat
treatment produces corrosion resistance of CN3MN and
CK3MCuN cast alloys on the level of their wrought coun-
terpart alloys [12]. Thus, by using an even higher tempera-
ture than suggested by Dupont, it was assumed any differ-
ences seen in phase formation between samples cooled
at similar rates could only be due to residual differences in
the initial microstructure produced by the selected solidi-
fication rates.

Once homogenized, the six capsules were cooled from
the homogenization temperature at six different rates (10,
20, 50, 100, 200, 300 °C/h) to 400 °C, after which the fur-
nace was powered off and they were allowed to air cool
to room temperature. The remaining two additional slices
from the different solidification samples were homog-
enized then water quenched and air-cooled from the
homogenization T. This produced a total matrix of 48 dif-
ferent samples, all ostensibly with the same composition
and homogenization, varying only in solidification rate
and cooling rate from the homogenization temperature,
as shownin Fig. 1.

All samples were ground and polished with 180-600
grit papers followed by 6 and 1 pm suspended diamond
slurry solution. The ferrite content of the samples was
checked by backscattered electron (BSE) imaging using a
JEOL 6060LV scanning electron microscope (SEM). A man-
ual method was used where BSE images obtained using
the SEM were examined and phase percentages deter-
mined using a superimposed grid. The manual method
was chosen over an automated system since the complex-
ity of the microstructure in many cases was such that judg-
ments often had to be made as to what phase was actually
being counted. The different phases distinguished using
BSE-SEM were designated as being either ferrite, austenite,
or intermetallic. This was done to speed identification and
because the different intermetallics that can form are often
difficult to distinguish using only BSE-SEM imaging [13].
From a practical standpoint, all the intermetallics that form
in duplex steels result in degradation of the mechanical
and corrosion properties and should be avoided.

Ten images were obtained from each sample to meas-
ure ferrite content. In the example shown in Fig. 2, the
darker area is ferrite, the gray is austenite, and the white is
intermetallic, which is primarily sigma phase. A 29x 21 grid
was placed on each image examined. Points on the test
grid that fell within the microstructural feature of interest

Fig.2 Example image showing a superimposed test grid used for
the manual method

counted as one point for that phase; points falling on the
feature boundaries counted as half a point for each phase.

The results obtained optically were also compared to
values obtained using magnetic measurements. Samples
were examined using a Fisher Feritscope FMP30, where
five measurements were taken on the same polished sam-
ples used for microscopy observations. In general, the
measured values corresponded reasonably well with the
optical measurements, typically being with +£10% of the
microscopy values, except in cases when ferrite content
is low (less than 10%). Since the Feritscope only had the
ability to measure ferrite percentage, all values reported
in this study were obtained using quantitative microscopy.

3 Results
3.1 Microstructure

Figure 3 shows a series of pictures for one solidifica-
tion rate, namely the sample cooled at 200 °C/h from
the molten state, as an example of the types of images
obtained during the course of this study. Eight different
images are shown, covering the cooling from the homog-
enization temperature at rates of 10, 20, 50, 100, 200,
300 °C/h, water quench and air cool as is shown in the
matrix displayed in Fig. 3. As can be seen from the pictures,
intermetallic phases tend to precipitate as the homogeni-
zation cooling rates decreases. At the slowest cooling rates
(10, 20, 50 °C/h), the ferrite appears to be almost entirely
consumed by intermetallic formation. The scale of the
intermetallic structure makes it difficult to tell if there is
any ferrite remaining between the intermetallic laths.
Not until the cooling rate increases to 100 °C/h is there an
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Fig.3 200 °C/h solidification rate and a 10 °C/h homogenization cooling rate, b 20 °C/h, ¢ 50 °C/h, d 100 °C/h, e 200 °C/h, f 300 °C/h, g air
cool, h water quench
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appreciable amount of ferrite retained. The cooling rate of
200 °C/h (Fig. 3e) is the point where primarily two phases
(a+y) are seen with the amount of intermetallic phase
(small white areas) present falling to <5 vol%, an accept-
able level where mechanical properties are not adversely
affected. As cooling rate increases to 300 °C/h, no inter-
metallic phase was found. For the water quenched and air
cool samples, the structures were primarily ferrite (matrix)
with only small amounts of austenite formed (< 2%).

3.2 X-ray diffraction

X-ray diffraction (XRD) was used to determine the major
type of intermetallic forming. Studies were carried out
on samples cooled from the solidification temperature at
a rate of 200 °C/h, as it was assumed that these results
would be applicable to the entire range of samples. This
assumption was based on the fact that the microstructures
observed in the 200 °C/h solidification rate set of samples
contained all of the phases present in the remaining sam-
ples and therefore were representative of all the sam-
ples, except for the relative amounts present. The results
obtained are shown in Fig. 4.

When using XRD phase percentages of less than five
percent are often difficult to detect, especially in Fe-based
systemes. It is clear by simple observation of Fig. 3a—c that
the 200 °C/h solidification set has significant intermetal-
lic phases present at the lower homogenization cooling
rates and this is mirrored in the XRD data of Fig. 4a-c. The
10°C/h, 20 °C/h and 50 °C/h samples have large peaks that
can be identified as belonging to the sigma phase apart
from those peaks associated with ferrite and austenite. This
is especially true when compared to the higher rate sam-
ples. Studies have suggested that the initial intermetallic
that forms in highly alloyed steels is chi, quickly changing
to the more stable sigma phase in a relative short period
of time [14]. It would seem that the slower cooling rates
allow this change to occur. From a mechanical properties
and corrosion standpoint, both sigma and chi are detri-
mental, lowering fracture strength and pulling Cr and Mo
from the matrix. Both chi and sigma grow at the expense
of ferrite [15].

3.3 Quantitative measurements

Table 2 shows the ferrite, austenite and intermetallic per-
centage obtained. The uncertainty associated with the
measurements is +4%. As seen in the BSE-SEM images
(Fig. 3), the matrix is changing from being almost all fer-
rite at the highest cooling rates to a mixture of ferrite plus
austenite at the intermediate rates, with the amount of
intermetallic starting to increase substantially once the

cooling rate from the homogenization temperature drops
below 200 °C/h.

Figures 5, 6 and 7 show the phase content results in
both two-dimensional and three-dimensional plots. A
clear trend of ferrite content increasing with increasing
rate of cooling from the homogenization temperature is
shown (Fig. 5). Cooling rate through the solidification tem-
perature appears to have a slight effect on ferrite content,
again with the higher cooling rates producing a higher
amount of ferrite in the final structure, although this effect
is weak and quicky lost as homogenization cooling rate
decreases.

Intermetallic content increases as the cooling rate from
the homogenization temperature slows (Fig. 6). As inter-
metallic formation primarily occurs via nucleation and
growth in the ferrite, this is not surprising since you would
expect intermetallic to rise as ferrite content falls.

Austenite content remains relatively consistent even
though there are variations across the entire sample space
(Fig. 7). Slight drops are seen at the very high cooling rates
(where ferrite was seen to be favored) and at the inter-
mediate cooling rate from homogenization of =100 °C/h.

4 Discussion
4.1 Solidification rate

Figure 8 shows the Fe-Cr-Ni psedudo-binary dia-
gram at 60% Fe section. According to the dia-
gram, the solidification order for CD3MWCuN is
L>6+L—>6—->6+y—>y+6+o0. It is known that
solidification cooling rates and alloy composition have
a profound effect on the microstructure and ferrite con-
tent of stainless steels [16], and that the microstructure
can range from a duplex structure of ferrite and austenite
to fully austenitic or ferritic for a wide variety of stainless
steels depending on cooling rates. It is also known that
sigma phase formation can occur at slower solidification
cooling rates [17].

The ferrite content after solidification was not measured
in this paper since the cast alloy studied is always homog-
enized before use. This is necessary to completely dissolve
any sigma phase that may have formed upon cooling and
to produce homogenization of the Mo, which can be dif-
ficult [12].

The residual effect of solidification rate can be deduced
by observation of Figs. 5, 6 and 7. At any given cooling rate
from the homogenization temperature, a faster solidifica-
tion rate will promote a higher percentage of ferrite in the
casting. The effect is fairly slight, probably due to the effec-
tiveness of the homogenization process. At the higher ini-
tial solidification rates where more ferrite is expected to be
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Fig.4 XRD Results of second trial 200 °C/h solidification rate with six different homogenization rate a 10 °C/h, b 20 °C/h, ¢ 50 °C/h, d
100 °C/h, @ 200 °C/h and £ 300 °C/h

retained, the slowest cooling rate from the homogeniza-
tion temperature can result in an overall increase in the
amount of intermetallic observed in the final conditions.

If the initial casting had been cooled more slowly to give a
higher initial austenite percentage, there would be less fer-
rite to decompose into intermetallic + austenite. Evidence
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Table 2 Ferrite percentage (%) of CD3AMWCuN (ferrite: §, austenite: y, intermetallic: /)

Homogeniza-  Solidification cooling rate (°C/h)
tion cooling - - - " - -
rate 10°C/h 20°C/h 50°C/h 100 °C/h 200 °C/h 300 °C/h
6 Y / 6 % / 6 % / ] % / ] y / 6 Y /
10°C/h 1.5 56.4 42.1 1.1 516 473 3.1 499 47 1.2 51.7 471 28 352 62 21 399 58
20°C/h 52 556 392 32 517 451 45 515 44 42 506 452 57 552 39.1 49 531 42
50°C/h 121 497 382 7.8 521 401 78 472 45 8.5 534 381 87 51.8 395 75 535 39
100°C/h 32 437 243 251 498 251 375 422 203 325 454 221 275 513 212 352 465 183
200°C/h 48.1 51 09 423 571 06 45 543 0.7 487 502 1.1 44 552 08 489 502 09
300°C/h 572 425 03 51.2 484 04 52 475 05 56.1 437 02 621 379 0 61.1 384 05
Water quench  97.8 2.2 0 98.5 1.5 0 98.1 19 0 98.5 15 0 980 20 O 98.7 1.3 0
Air cool 98.1 19 O 98.3 1.7 0 98.8 1.2 0 98.2 1.8 0 978 22 0 992 08 O
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Fig. 5 aTwo-dimensional and b three-dimensional plots of ferrite content as a result of solidification rate and cooling from the homogeni-
zation temperature
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Fig.8 Fe-Cr-Ni pseudo-binary diagram at 60% Fe [17]

of this is shown in Fig. 6 for the 200 °C/h and 300 °C/h
solidification rate samples which have the highest inter-
metallic present after the slowest cooling rate.

4.2 Cooling from the homogenization temperature

In the water quenched and air-cooled samples, the struc-
ture is almost 100% ferrite, as confirmed by microstructure
analysis and magnetic measurements using a Feritscope.
At the highest cooling rates, the desired 50/50 mixture for
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this alloy composition is slightly ferrite rich, ranging up to
60% ferrite at the highest rate of 300 °C/h. Measurements
show there is less than 1.2% of sigma phase found in the
alloy at the highest cooling rates (200 °C/h and 300 °C/h),
regardless of how much was present initially due to a slow
solidification rate, attesting to the efficiency of the high
temperature, long time homogenization treatment.

SEM-BSE images reveal that at slower cooling rates
intermetallic formation occurs at the expense of ferrite.
This is in agreement with studies that show cooling rates
from the homogenization temperature can result in inter-
metallic formation occurring in duplex and superaustenitic
steels after relatively short times, primarily on the grain
boundaries initially [18], greatly affecting the fracture
toughness of castings [19]. Ferrite percentage becomes
extremely low at the slowest cooling rates (Table 2) on the
order of a few percent. These low amounts are consistent
with Feritscope measurements also. At the lowest rates
used in this study, thermodynamic equilibrium is more
likely. Phase transformations for the four slowest cool-
ing rates produce large scale intermetallic formation. In
this paper, sigma phase is the primary intermetallic phase
formed which is consistent with previous work [20].

At the intermediate cooling rates, the equilibrium
amount of ferrite decreases and existing 6-ferrite is con-
sumed, transforming to intermetallics + new austenite. This
should result in an overall slight increase in the amount of
austenite. It is somewhat surprising, then, to see a slight
dip in austenite percent at intermediate cooling rates
(50-100 °C), on the order of 5 vol%. Given that the error
in measurements is estimated to be +£4 vol%, it is possible
that this dip is primarily due to measurement uncertainty.
However, it is also possible that at these lower cooling
rates, the alloy spends a significant amount of time at
lower temperatures where the phase diagram is extremely
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complex [21, 22]. At this time, it is impossible to determine
the exact cause for this dip by examining the data of this
study.

At the highest rates (greater than 200 °C/h), the ferrite/
austenite balance is determined by the CCT and TTT curves
[13, 14, 23] Starting from an entirely (J) ferritic structure as
cooling rate slows the 6-ferrite > austenite transformation
occurs, resulting in a decrease in the amount of ferrite and
formation of austenite in accordance with the TTT curve.
At these cooling rates, the ferrite percentage is higher than
40%, which is a typical number for duplex stainless steels
[24]. The ferrite percentage ranges from 42 to 49% for the
200 °C/h homogenization cooling rate and from 50 to 60%
at the higher 300 °C/h rate.

5 Conclusion

From the results of this study, we can draw the following
conclusions:

1. The homogenization heat treatment used, based on
the recommendation of Dupont (12) did an excellent
job at producing an homogenous structure. When
homogenized in this manner less than 4% differences
were seen in the ferrite/austenite ratio, regardless of
cooling rate through the solidification temperature.

2. The ferrite content in CD3MWCuN increases as the
rate of cooling from the homogenization temperature
increases.

3. Cooling CD3MWCuN from the homogenization tem-
perature should be higher than 200 °C/h in order to
avoid extensive intermetallic formation and maintain
the ferrite content.

4. Cooling rates slower than 200 °C/h will produce
intermetallic phases in CD3MWCuN. The predomi-
nant intermetallic phase is sigma, and it forms at the
expense of the ferrite phase. Significant amounts
(20-50 vol%) will form at cooling rates slower than
100 °C/h.
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