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Abstract: The hot deformation characteristics of 1.4462 duplex stainless steel (DSS) were analyzed by considering strain

partitioning between austenite and ferrite constituents. The individual behavior of ferrite and austenite in microstructure

was studied in an iso-stress condition. Hot compression tests were performed at temperatures of 800-1100◦C and strain

rates of 0.001-1 s−1. The flow stress was modeled by a hyperbolic sine constitutive equation, the corresponding constants

and apparent activation energies were determined for the studied alloys. The constitutive equation and law of mixture

were used to measure the contribution factor of each phase at any given strain. It is found that the contribution factor of

ferrite exponentially declines as the Zener-Hollomon parameter (Z) increases. On the contrary, the austenite contribution

polynomially increases with the increase of Z. At low Z values below 2.6.×1015 (lnZ=35.5), a negative contribution factor

is determined for austenite that is attributed to dynamic recrystallization. At high Z values, the contribution factor of

austenite is about two orders of magnitude greater than that of ferrite, and therefore, austenite can accommodate more

strain. Microstructural characterization via electron back-scattered diffraction (EBSD) confirms the mechanical results

and shows that austenite recrystallization is possible only at high temperature and low strain rate.
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1. Introduction
The high corrosion resistance and good strength char-

acteristics of duplex stainless steels (DSS) have introduced

them as deserving alternatives to the single-phase austenite

and ferrite in different industries [1-4]. The coexistence of

austenite and ferrite with different deformation responses

in these alloys makes the processing complicated. It has

been well understood that ferrite is characterized by high

stacking fault energy (SFE) and is prone to dynamic recov-

ery (DRV) [5-12]. On the other hand, austenite with low

SFE undergoes the limited DRV but extensive dynamic

recrystallization (DRX) [13-15].

Although the hot deformation behavior of duplex

stainless steels has been investigated by many researchers,

some controversies over restoration processes in mi-

crostructural constituents have still remained [4, 16-20]. It

is known that the restoration behavior of austenite and fer-

rite in a duplex stainless steel are the same as that of single-

phase materials. Albeit, the mutual influence of each other

on different restoration processes has been controversial. It

is known for certain that the coexistence of harder austen-

ite and softer ferrite at high temperature leads to strain

partitioning during hot deformation [21-26]. In this re-

gard, even though some researches have been devoted to

model the strain partitioning using the law of mixture, the

real contribution of each constituent is still unclear [24].

Taking a general case, the different distributions of stress

and strain in the constituents may cause very complicated

state and hardly gives rise to the estimation of each phase

contribution in total deformation. In the present inves-

tigation, a limiting condition of iso-stress was utilized to

simplify the deformation behavior of such alloys at high

temperature. The aim of this work was to study the behav-

ior of each constituent and provide a good understanding

and an acceptable estimation of the phase contribution.
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2. Experimental

The material used in this study was 1.4462 du-

plex stainless steel with the composition of 0.025wt% C,

22.80wt% Cr, 5.20wt% Ni, 2.60wt% Mo, 0.30wt% Si,

1.50wt% Mn, 0.001wt% S, 0.025wt% P, 0.088wt% V,

0.23wt% Cu, 0.03wt% W, 0.068wt% Co, 0.028wt% Al, and

the rest of Fe. Cylindrical specimens of 10 mm in diameter

and 15 mm in height were machined from the as-received

hot rolled plate so that the longitudinal axis of specimens

was parallel to the rolling direction. Before testing, all the

specimens were reheated to 1200◦C, soaked for 5 min, and

then subjected to continuous hot compression testing at

temperatures of 800 to 1100◦C and strain rates of 0.001 to

1 s−1 up to the true strain of 0.7. Graphite powders were

applied on both contacting surfaces to reduce the friction

coefficient during hot compression testing. To preserve the

hot deformation microstructure, samples were immediately

quenched after hot deformation. The hot deformed spec-

imens were cut along the longitudinal axis and electro-

chemically polished. Microstructural characterization was

carried out by electron back-scattered diffraction (EBSD)

using a scanning electron microscopy (SEM, JEOL JSM-

6500F) equipped with Channel 5 software.

To analyze the individual constitutive behavior of

austenite and ferrite, the composition of each phase was de-

termined by energy dispersive X-ray microanalysis (EDX).

Two grades of ferritic and austenitic steels with the same
analyzed compositions were produced using a vacuum in-

duction furnace. The compositions of the produced single-

phase ferritic and austenitic steels are shown in Table 1. In-

gots were hot rolled at temperatures of 950◦C and 1050◦C
for ferritic steel and austenitic steels, respectively. The

30-mm thick hot rolled specimens were then annealed at
1050◦C followed by quenching in water. Similar to the

studied DSS, hot compression samples of the produced

ferritic and austenitic steels were tested under the same

condition.

Table 1. Chemical composition of single-phase ferritic and austenitic stainless steels used in this investigation

wt%

Material Cr Ni Mo C Mn P S Si Cu

Single-phase ferritic steel 25.80 3.31 2.68 0.02 0.4 0.018 0.010 0.35 0.3

Single-phase austenitic steel 20.09 8.78 2.33 0.03 2.8 0.033 0.001 0.26 0.16

3. Results and discussion

3.1. Flow curves and constitutive analysis
Fig. 1 demonstrates the typical flow curves of the stud-

ied DSS calculated from load-displacement data at differ-

ent hot compression regimes. As it was mentioned ear-

lier, to analyze the individual behavior of each constituent

phase under hot working conditions, two single-phase fer-

ritic and austenitic alloys were produced with the same

chemical compositions as in the studied DSS. Fig. 2 ex-

hibits the representative flow curves of the single-phase fer-

ritic and austenitic alloys. The different apparent features

of flow curves in Fig. 1 can be interpreted with regard to the

coexistence of ferrite and austenite in the microstructure.

As seen in Fig. 2, ferrite is prone to withstand DRV, while

austenite is often softened by DRX [27]. As also expected,

the flow stresses of ferrite and austenite increase with the

decrease of temperature and the increase of strain rate.

The flow curve of ferrite is characterized by a long plateau

of steady-state deformation that reflects a dynamic balance

between work hardening and flow softening due to DRV. In

austenite, however, the limited potential for DRV causes

work hardening to increase up to the peak flow stress, at

which DRX comes into operation and softens the material.

The different apparent features of flow curves in Fig. 2

are directly due to different microstructural responses of

ferrite and austenite to hot deformation. This is why the

hot deformation behavior and thereby the flow curve cha-

Fig. 1. Representative flow curves of the studied du-

plex stainless steel calculated from load-displacement

data at different hot compression regimes.

racteristics of DSS significantly change by the different

weight balance between ferrite and austenite at different

deformation temperatures. It is evident that the flow curve

of DSS is nearly typical of DRV at high temperature and

low strain rate, where ferrite is the dominant component

in microstructure. On the contrary, at low temperature or

high strain rate, the flow curve turns to the typical form

of DRX characterized by a work hardening stage up to a

peak point and further flow softening.

In general, the coexistence of hard austenite and soft

ferrite at high temperature results in strain partitioning
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Fig. 2. Representative flow curves of the single-phase

ferritic and austenitic alloys.

during hot straining. This is due to the fact that plastic

deformation is first accommodated by the softer phase and

then dominated by the harder one when the strain level is

increased. The following law of mixture is often used to

define the strain distribution between austenite and ferrite

in a DSS.

εDSS = FεF + AεA (1)

where εDSS, εF, and εA denote the strain of DSS, the strain

accommodated by ferrite, and the strain accommodated by

austenite, respectively; F and A indicate the contribution

coefficients of ferrite and austenite, respectively. Some re-

searchers [24] interpreted F and A as the volume fractions

of ferrite and austenite constituents in the studied DSS,

respectively. In the law of mixture, the material was con-

sidered as a composite, and the stress or strain was written

as the sum of multiplied volume fraction of each phase by

the corresponding strain or stress. It means that, e.g., for

strain, ε = ΣVi·εi, so that ΣVi=1. In the present paper, it

is considered that not only the sum of volume fractions is

equal unity, but also the sum of contribution factors should

be tantamount to 1, which contains the effect of both vol-

ume fraction and deformation condition. This is necessary

for the aggregate of two phases to work as a consistent

composite material.

By differentiating from Eq. (1) with respect to defor-

mation time, the following equation is given to correlate

the strain rate of the studied DSS with those of each con-

stituent.

ε̇DSS = F ε̇F + Aε̇A (2)

where ε̇DSS, ε̇F, and ε̇A denote the strain rate of DSS, the

strain rate accommodated by ferrite, and the strain rate

accommodated by austenite, respectively. F and A indi-

cate the contribution coefficients of ferrite and austenite,

respectively. Considering F + A=1, the values of F and A

can be determined as

F =
ε̇DSS − ε̇F

ε̇F − ε̇A
(3)

A =
2ε̇F − ε̇A − ε̇DSS

ε̇F − ε̇A
(4)

The next step to determine the incorporation coeffi-

cients of ferrite and austenite is to estimate the correspond-

ing strain rates based on the given macroscopic strain rate.

A hyperbolic sine constitutive equation proposed by Sellars

and Tegart [28] is often used to describe the dependence of

strain rate on stress and temperature under a hot working

condition. This equation incorporated with the definition

of Zener-Hollomon parameter is utilized to determine the

strain rate of DSS as well as each constituent phase at any

given deformation condition.

Z = ε̇ · exp

(
Q

RT

)
= A′[sinh(α · σ)]n (5)

where Z is the Zener-Hollomon parameter, embracing the

effects of strain rate and temperature, Q the hot deforma-

tion activation energy, T the temperature, R the gas con-

stant (8.314472 J/mol·K), and A′, α, and n the empirical

material constants. The values of material constants for

DSS and single-phase steel can be simply determined by

fitting empirical data according to the following equation

derived from Eq. (5).

ln[sinh(α · σ)] =
1

n

(
lnA′ − Q

RT

)
+

1

n
lnε̇ (6)

Fig. 3 indicates the variation of flow stress with strain

rate and temperature at the typical strain of 0.5. By ap-

plying linear regression, the average slope of the left-hand

graph stands for the value of 1/n, and that of the right-

hand graph indicates the value of Q/nR. The α value is

determined as 0.012 and 0.014 for DSS and the single-phase

alloys, respectively, so that the empirical lines become par-

allel. In a similar manner, Figs. 4 and 5 indicate the con-

stitutive plots of empirical data for ferritic and austenitic

steels, respectively. The high precision of fitted curves in

Figs. 3-5 indicates that the adopted constitutive equation

can be used to model the strain rate of constituents in the

studied DSS.

Fig. 6 exhibits the variation of flow stress with Z pa-

rameter, the intercept of each curve gives the A′ value

according to Eq. (5). This figure also emphasizes that the

flow stress of DSS is actually the average of the single-

phase ferritic and austenitic alloy. By replacing the cal-

culated constants in the constitutive equation, the strain

rates of DSS, ferritic, and austenitic stainless steels can be

calculated using the following equations.

ε̇DSS = 2× 1016[sinh(0.012σ)]4.2exp

(
432000

8.314T

)
(7)

ε̇F = 1.42× 1012[sinh(0.014σ)]4.61exp

(
334000

8.314T

)
(8)

ε̇A = 2× 1019[sinh(0.014σ)]4.31exp

(
570000

8.314T

)
(9)
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Fig. 3. Variation in flow stress of the studied DSS at the typical strain of 0.5 with strain rate and temperature

according to the hyperbolic sine constitutive equation.

Fig. 4. Variation in flow stress of the single-phase ferritic stainless steel at the typical strain of 0.5 with strain

rate and temperature according to the hyperbolic sine constitutive equation.

Fig. 5. Variation in flow stress of the single-phase austenitic stainless steel at the typical strain of 0.5 with strain

rate and temperature according to the hyperbolic sine constitutive equation.
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Fig. 6. Hyperbolic sine functions of flow stress with

Zener-Hollomon parameter for the studied DSS, single

phase ferritic and single phase austenitic alloys.

The strain rate of the studied DSS, ferritic, and

austenitic alloys can be calculated using Eqs. (7)-(9).

Therefore, it is possible to calculate the F and A values

using Eqs. (3) and (4) at different deformation conditions.

Figs. 7 and 8 indicate the variation of F and A with

Z parameter at a strain of 0.5, respectively. As expected,

the contribution factor of ferrite, F , declines as Z param-

eter increases. As a matter of fact, when the deforma-

tion temperature decreases and/or strain rate increases,

DRV in ferrite slows down, therefore the strain distribution

to austenite takes place more rapidly. This, in turn, re-

duces the contribution of ferrite in the total applied strain.

On the other hand, the polynomial increase of A with Z

suggests more contribution of austenite in total strain at

higher strain rates and lower temperatures. In fact, at

high Z values, when the stated DRV in ferrite is sluggish,

strain is more accommodated by austenite which has a

higher work hardening capacity.

Fig. 7. Contribution factor of ferrite (F ) as a function

of Zener-Hollomon parameter at the typical strain of

0.5.

Fig. 8 introduces three regions of A as dependent on

the Z value. The first region is characterized by the neg-

ative values of A. According to the mathematical expressi-

ons of A and F by Eqs. (1) and (2), they should be posi-

tive. However, from the phenomenological point of view,

the negative value of A can be attributed to the occur-

rence of DRX in austenite that gives rise to the decrease

of flow stress and accumulates strain in this phase. The re-

sults show that at low Z values (lnZ<35.5), corresponding

to high deformation temperatures and low strain rates, the

negative values of A can be associated with DRX in austen-

ite. The proposed idea can be exemplified by the flow

curves of single-phase austenitic steel obtained at 900◦C,

0.01 s−1 and 1100◦C, 0.01s−1, as shown in Fig. 2. Although

the former flow curve with lnZ=39.7 exhibits the work

hardening of austenite, the latter flow curve with lnZ=33.2

indicates flow softening due to DRX at the strain of 0.5.

Fig. 8. Contribution factor of austenite (A) as a func-

tion of Zener-Hollomon parameter at the typical strain

of 0.5.

At higher Z values, region II, the contribution factor

of austenite increases as Z rises, and that of ferrite de-

creases. In this region, a weighted average of austenite

and ferrite contributions governs the deformation behav-

ior. Over a critical Z value (lnZ> 46), the contribution

factor of austenite (A) is nearly equal to unity, and that

of ferrite (F ) is as low as 0.01. In this case, which is asso-

ciated with low temperature and high strain rate, most of

the applied strain is accommodated by austenite. However,

although in this condition, DRV in ferrite is still working,

but austenite is work hardened, and DRX is pushed to very

high strain levels. The low tendency for DRX in austen-

ite in this region can be attributed to the different reasons.

The first reason is that, the driving force for the nucleation

of DRX at low temperature and high strain rate is very

low. The second reason is that, there are very few grain

boundaries inside the highly elongated austenite strings to

act as the source of DRX nuclei. In addition, DRX can-

not nucleate at the immobile austenite-ferrite interphase

boundaries [12].
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3.2. Microstructural characterization
The EBSD analysis of hot deformed samples was per-

formed to verify the results of mechanical testing. Fig. 9

shows the microstructures of deformed samples at the

strain rate of 0.01 s−1 and the temperatures of 900◦C and

1100◦C. As mentioned, at 900◦C and 0.01 s−1, lnZ is equal

to 39.7, and A is located in the second region in Fig. 8. At

this condition of low temperature and medium strain rate,

A is obtained about 0.7, and therefore, the value of F is

about 0.3. This indicates that most of strain is accom-

modated by austenite, as shown in Fig. 2, DRX is impos-

sible at the strain of 0.5. Consistent with these anticipa-

tions, Fig. 9(a) indicates the elongated austenite islands in

the ferritic matrix that is characterized by small equiaxial

grains. Boundaries highlighted by red color are Σ3 type

boundaries. Equiaxed grains observed in ferrite phase in-

dicate the occurrence of DRV even at low temperature,

corresponding to low contribution factor. Besides, the low

density of high angle boundaries in austenitic islands re-

flects low DRX. At 1100◦C and 0.01 s−1 in Fig. 9(b), the

austenitic islands are more globular with the higher density

of high angle and Σ3 boundaries, which are associated with

a higher DRX in this phase. As mentioned, the regime of

1100◦C and 0.01 s−1 is located in the first region in Fig. 9,

and the mechanical testing predicts DRX in austenite.

Fig. 10 indicates how the microstructure of DSS is af-

Fig. 9. EBSD micrographs of hot deformed samples at the strain rate of 0.01 s−1 and the temperatures of 900◦C
(a) and 1100◦C (b).

Fig. 10. EBSD micrographs of hot deformed samples at the temperature of 1100◦C and the strain rates of 0.001

s−1 (a), 0.01 s−1 (b), 0.1 s−1 (c), and 1 s−1 (d).
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fected by the change of strain rate. Obviously, the increase

of strain rate has no considerable influence on the ferritic

matrix, and the equiaxed grains are observed even at 1 s−1

in Fig. 10(d). However, the average grain size in the fer-

ritic matrix decreases with the increase of strain rate due

to the shrinking influence of a higher flow stress on sub-

grain size. In austenite islands, special attention should

be paid to the variation of morphology and the change

of density in common high angle and Σ3 boundaries. In-

creasing the strain rate particularly leads to more elon-

gated austenite islands; however, the strain value is con-

stant. This indicates that at low strain rate, the applied

strain is accommodated by two terms: firstly, the change in

morphology of austenite to globular islands; and secondly,

the microstructural change through DRX. At higher strain

rates, actually beyond 0.001 s−1, austenitic islands can-

not comply with higher rates of deformation, and there-

fore considerably elongates. On the other hand, higher

strain rates push the start of DRX to higher strains, and

consequently, austenite remains elongated and unrecrys-

tallized over the common strain values that are adopted

during hot compression. Decreasing the density of high

angle grain boundaries (red lines in Fig. 10) with the in-

crease of strain rate implies that the tendency of DRX in

austenite decreases as the strain rate rises. These results

are consistent with results in Figs. 7 and 8, when lnZ is

calculated as 30.9, 33.2, 35.5, and 37.8 for the strain rates

of 0.001 s−1, 0.01 s−1, 0.1 s−1, and 1 s−1, respectively.

4. Conclusions
(1) Flow curves of the studied duplex stainless steel

at low temperature, where austenite is the dominant com-

ponent in microstructure, is characterized by a faint peak,

which is similar to the DRX flow curves. Whereas at high

temperature, ferrite is the dominant phase, the flow curves

resemble the DRV curves.

(2) The hyperbolic sine constitutive equations of DSS,

ferritic, and austenitic stainless steels are determined and

used to calculate the strain rate of constituents in the

structure of the studied duplex steel.

(3) Under the iso-stress condition between the con-

stituents, the contribution factor of each phase to the total

strain is determined using the law of mixture.

(4) It is found that the contribution factor of ferrite

exponentially decreases as Z increases. Otherwise, the

austenite contribution factor increases with Z, according

to a polynomial trend.

(5) At low Z values, lnZ<35.5, the austenite contribu-

tion factor is negative. It is attributed to the occurrence of

DRX in this phase. On the other hand, at high Z values,

lnZ>46, the austenite contribution factor is nearly equal

to 1. EBSD analyses of deformed samples corroborates

the mechanical results.
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