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Abstract: Examination of reasons that cause cracking of the as-cast micro-
structure of the PK324 duplex stainless steel (DSS) during the hot 
working process represents an important step to improve the final 
quality of product. Hot compression tests were applied in the exami-
nation and they were combined with the observations in light micro-
scope. Deformation behaviour of initial as-cast samples as well of 
the samples after ten hours ageing has been studied with the Gleeble 
1500D thermo-mechanical simulator. Applied strain rate was in the 
range of 0.1 s–1 to 5 s–1, temperature interval was 900–1300 °C and 
strains were up to 0.7. Ten hours aged samples exhibited consider-
ably narrower temperature range (interval) of safe hot deformation. 
Calculated activation energy for the entire range of the hot working 
process and for peak stresses was 287 kJ/mol.

Izvleček: Za izboljšanje kvalitete končnih izdelkov iz dupleksnega ner-
javnega jekla PK324 (DSS) so pomembne preiskave vzrokov za 
nastanek razpok med vročim preoblikovanjem. Za preiskovalni me-
todi smo uporabili vroče tlačne preizkuse in optično mikroskopijo. 
Preizkuse za določevanje preoblikovalnih lastnosti dupleksnega 
jekla v litem stanju ter v stanju po deseturnem homogenizacijskem 
žarjenju smo izvajali na simulatorju termomehanskih stanj Gleeble 
1500D. Preizkusi so bili izvedeni v območju hitrosti deformacije 
od 0,1 s–1 do 5 s–1, v temperaturnem intervalu 900–1300 °C ter pri 
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stopnji deformacije do 0,7. Temperaturno področje, ki zagotavlja 
deformacijo brez nastanka razpok, je za žarjene vzorce bistveno 
ožje kot za lite. Izračunana navidezna aktivacijska energija za vroče 
preoblikovanje pri največjih napetostih in na celotnem temperatur-
nem področju je 287 kJ/mol. 

Key words: PK324 duplex stainless steel, as-cast microstructure, aging 
treatment, hot compression 
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introduction

Duplex stainless steels (DSS) are con-
stantly gaining their importance due 
to good combination of their corro-
sion resistance and of mechanical and 
physical properties in a wide tempera-
ture interval when compared to stand-
ard austenitic stainless steels, and they 
have found their applications in chemi-
cal and paper industry, in shipbuilding, 
as welding materials, in petroleum in-
dustry, etc. The obtained properties of 
super duplex stainless steel result in 
balanced alloying with the ferrite - (Cr, 
Mo, Si, etc.) and austenite-forming ele-
ments (Ni, Mn, C, N, etc.). Thus steel 
consists of a two-phase matrix, i.e. of 
austenite and ferrite, where austenite 
(γ) contributes toughness while fer-
rite (α) improves the mechanical and 
welding characteristics. Their proper-
ties have been continually improved by 
optimization of alloying, hot and cold 
working, heat treatment, etc.[1–6].  

It is well known that hot working of 
dual-phase steel is a very demanding 
one since possible problems are usually 
more intricate in comparison to work-
ing single-phase steel especially when 
the as-cast material is taken in account. 
Interface boundary sliding (IBS) seems 
to be the major deformation mechanism 
in the duplex steel at higher strain rates 
(> 1 s–1) and relatively low tempera-
tures (about 1000 °C). Precipitation of 
intermetallic phases (sigma (σ), Cr2N, 
Chi phases (χ), etc) in the approximate 
temperature interval of 500–1050 °C 
additionally reduces the range of safe 
hot working therefore the process has 
to be performed at temperatures above 
the interval of precipitation of interme-
tallic phases. Hot working of the as-
cast material represents critical step in 
the production cycle since the as-cast 
microstructure is very prone to crack-
ing, especially on the ferrite/austen-
ite (α/γ) grain boundaries (it has been 
observed also on the α/α and γ/γ grain 
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boundaries) since there eventually im-
purities and carbides precipitate (usual-
ly M7C3 and M23C6). Furthermore, both 
phases have different crystallographic 
structures and deformation modes, 
different strengths (austenite is sig-
nificantly stronger in the range of hot 
working) and softening mechanisms 
(and rates too). On the other hand, DSS 
can exhibit excellent hot plasticity if 
the microstructure is fine enough[6–16]. 

The PK324 DSS is usually used as 
welding material and it belongs to the 
group of duplex stainless steel, and 
cracking during the hot working proc-
ess, especially when cast ingots are 
worked, is still its disadvantage. This 
paper represents a contribution to elu-
cidation of reasons for appearance of 
cracking of the as-cast microstructure 
in hot working the PK324 DSS. 

Applied methods for characteriza-
tion, testing and materials 

An ingot of PK324 DSS weighing 380 
kg has been cast in a vacuum electric 
furnace. Chemical composition of the 
applied batch is given in Table 1; from 
the Table is thus visible that the batch 
contained mass fraction 0.10 % of C, 
30.1 % of Cr and 9.5 % of Ni. Test 
specimens (cylindrical specimens with 
dimensions φ = 10 mm × 15 mm) were 

taken from the ingot cross sections and 
half of them was additionally aged 
at 1250 °C for 10 h. Both groups of 
samples were hot compressed (Figure 
1a) in the Gleeble 1500D thermo-me-
chanical simulator at three strain rates 
(0.1 s–1, 1 s–1 and 5 s–1), in the tempera-
ture interval of 950–1300 °C and with 
strains up to 0.7. Cylindrical speci-
mens were heated to the deformation 
temperature in 5 min. A 5 min holding 
time, hot compression and gas cool-
ing followed (Figure 1b). (LM) ZEISS 
JENA VERT microscope was applied 
in the light microscopy, and Murakami 
etchant[17] was used in order to colour 
σ phase grey, α phase brown, carbides 
red, green and blue, while γ phase re-
mained uncoloured. XRD (X-ray dif-
fraction, Cristalloflex 4 apparatus) was 
used to determine fractions of phases 
in the microstructures. All the experi-
ments and testing conditions as well as 
the applied characterizations in the ex-
aminations are presented in Table 2.

The initial as-cast microstructure is pre-
sented in Figure 2; the microstructure 
consisted of γ phase in the interden-
dritic spaces and of α phase. Amount 
of ferrite of about 48 %, of austenite of 
about 52 % were found in the samples 
taken from the ingot centre, while the 
amount of sigma phase was below 1 
%, and amount of carbides (M23C6 and 
M7C3) at about 0.3 %, measured at the 
room temperature. Carbides predomi-
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nately precipitated on the α/γ bounda-
ries in the interdendritic spaces (due to 
segregation of C during the solidifica-
tion) and to a smaller extent also inside 
the austenite grains but close to the α/γ 
boundaries while σ phase precipitated 

in the areas of ferrite. σ phase was at 
temperatures above 900 °C dissolved 
in the matrix, thus this phase did not 
take part in hot deformation in the tem-
perature interval of 900–1300 °C[16].

Table 2. Collected experimental and test-
ing conditions

Initial state as-cast
Aging No 10 h at 1250 °C

Hot 
compression

Temperature 
900–1300 °C, 
strain rates 0.1 
s–1, 1 s–1, 5 s–1

Temperature 
900–1300 °C, 
strain rates 0.1 
s–1, 1 s–1, 5 s–1

Cooling gas
Character-

ization LM, XRD

Table 1. Chemical composition of the used batch for experiments, PK324 DSS; w/%

C Si Cr Mn Ni Mo S P Al Cu

0.10 0.26 30.1 1.91 9.5 0.04 0.004 0.020 0.007 0.06

Figure 1. Schematic presentation of the hot compression test with the 
Gleeble 1500D thermo-mechanical simulator (a), and of thermal cycles 
used in compression tests (b).

Figure 2. The initial as-cast microstructure 
of the PK324 DSS, LM.
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results and discussion

The obtained flow stress curves with 
the as-cast samples taken from the in-
got head and for 0.1 s-1 strain rate are 
presented in Figure 3; steady-state flow 
was achieved with the initial as-cast 
material. At higher deformation tem-
peratures, i.e. above 1150 °C, where 
the fraction of ferrite was considerably 
higher[16], the flow curves after achiev-
ing maximal values retained those lev-
els since dynamic recovery of ferrite 
occurred during the hot deformation. 
Ferrite has namely high stacking-fault 
energy that favours dynamic recovery 
(DRV). On the other hand, at defor-
mation temperatures below 1150 °C 
the fraction of austenite was higher in 
comparison to the upper temperature 
interval (1150–1250 °C); dynamic re-
crystallization (DRX) led to reduced 
values of flow stresses after achieving 
the peak values. The phenomenon of 
DRX of austenite was indicated also by 
shifts of peak values of flow curves to 
higher strains at decreased deformation 
temperatures. The shape of flow curves 
at 1 s–1 strain rate was similar to that of 
curves for 0.1 s–1 strain rate while the 
peaks at the strain rate 5 s–1 were not so 
pronounced since they were more elon-
gated like in hot compression of DSS at 
higher strain rates[13].  
 
The results about appearance or not 
appearance of cracks on free surfaces 
of compressed not aged and 10 h aged 

samples (see Figure 4a–b) are present-
ed in Table 3 for the entire examined 
temperature interval. The results from 
the table indicated that good hot de-
formability was achieved with the non-
aged as-cast samples in the tempera-
ture range 1150–1250 °C while cracks 
were observed on deformed specimens 
bellow mentioned range. This could be 
attributed to the increased fraction of 
austenite[16] at temperatures below 1150 
°C, to different deformation modes as 
well as to different strengths of austen-
ite and ferrite, etc. that led to crack for-
mation on the α/γ grain boundaries. 

The obtained microstructures of com-
pressed samples at various deforma-
tion temperatures are given in Figure 
5. The microstructure became finer 
with the decreased compression tem-
perature since the content of austenite 
increased; DRX namely took place in 

Figure 3. Flow stress curves of the as-cast 
PK324 DSS at various compression tem-
peratures and at 0.1 s–1 strain rate 
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austenite. Formation of austenite on 
the α/γ and α/α grain boundaries which 
were sub-boundaries or boundaries of 
grains began during the hot deforma-
tion and the followed cooling. Micro-
structure of samples being deformed in 
the 1200–1250 °C temperature range 
consisted of ferrite and austenite that 
were in equilibrium at the deforma-
tion temperature, of Widmanstätten 
austenite that was formed during the 
cooling after the deformation, and of 
a small amount of carbides on the α/γ 
grain boundaries (Figure 5a). Equilib-
rium between ferrite and austenite was 
achieved at those temperatures almost 
after ten minutes[16]. Further, dynamic 
softening process in the mentioned tem-
perature range was very intensive since 
number of initial spots potentially suit-
able for precipitation of austenite dur-
ing the cooling process after the hot de-
formation was reduced; consequently, 
austenite precipitated predominately on 
the α/γ grain boundaries. The obtained 
microstructures of samples being de-
formed at lower temperatures (below 
1150 °C) (Figure 5b-d) differed from 
the microstructures of samples that 
were deformed at temperatures above 
the mentioned ones. At latter tempera-
tures the softening process was con-
siderably less pronounced, thus many 
spots potentially suitable for nucleation 
and consequently also for precipitation 
of austenite (α → γ) during the cooling 
process were available. 

On the other hand, 10 h aged samples 
exhibited considerably narrower tem-
perature range of safe hot deformation, 
i.e. 1200–1250 °C, in comparison to 
the non-aged samples (1150–1250 °C 
(Table 3)). This could be attributed to 
different α→γ transformation kinetics 
of the not aged and of the 10 h aged 
samples during the hot deformation. 
Microstructures of deformed and 10 h 
aged samples are given in Figure 6a and 
6b for the deformation temperatures 
of 1250 °C and 1150 °C, respectively. 
Comparison of Figure 5a–b and Figure 
6a–b revealed that approximately equal 
fractions of austenite and ferrite were 
found in both cases, but the grains in 
the 10 h aged samples were coarser. On 
the other hand, approximately 10–25 
% higher values of steady-state flow 
stresses were obtained with the 10 h 
aged samples in comparison to the not 
aged samples. This could indicate that 
higher amount of ferrite was trans-
formed into austenite during the hot de-
formation and this could be explained in 
the following way: a higher fraction of 
ferrite existed in the microstructure of 
samples being aged for 10 h before the 
hot deformation, thus higher non-equi-
librium ferrite/austenite ratio existed at 
lower deformation temperatures. Con-
sequently higher transformation (pre-
cipitation) rate of austenite took place 
in the entire ferrite phase and not only 
on the grain boundaries. Furthermore, 
the fraction of transformed austenite 
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was not higher in comparison to that in 
the not aged samples since there was 
not enough time for transformation, but 
austenite probably precipitated in a dif-
ferent way and the difference of its dis-
tribution could be observed. Thus the 
temperature range of safe hot working 
was narrower with the 10 h aged sam-
ples. The results on microanalyses on 
10 h aged samples at 1250 °C (before 
hot compression) indicate that differ-
ences in contents of Cr and Ni between 
α and γ phase seems to decrease, i.e. 
trying to reach the equilibrium between 

both phases. Thus the content of Cr de-
creases and of Ni increases in α while 
the opposite behaviour for both chemi-
cal elements in γ was found (these re-
sults will be published in next article). 
The state of material similar to that 
obtained after 10 h aging could be ob-
tained also at slow solidification rates 
of DSS (segregations) that could result 
in reduced range of safe hot working of 
as-cast microstructure. For more accu-
rate explanation of these results further 
examinations should be done.

Table 3. Appearance of surface cracks as a function of compression temperature for as-
cast state, not aged, and 10 h aged samples, strain rate 1 s–1.

Deform. temp. T/°C 900 950 1000 1050 1100 1150 1200 1250 1300

Cracking
Non-aged Y Y S S S N N N Y

10 h aged Y Y Y Y Y S N N Y

N - without cracks, Y - deep cracks, S - fine cracks.

Figure 4. Appearance of cracking phenomenon on compressed samples; 
macro view (a), and micro view (cracking on grain boundaries) (b)
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Figure 5. Obtained microstructures at 1 s–1 strain rate and at various com-
pression temperatures:  1250 °C (a), 1150 °C (b), 1100 °C (c), and 950 °C 
(d), non-aged samples, gas cooling

Figure 6. Obtained microstructures at 1 s–1 strain rate and at various com-
pression temperatures: 1200 °C (a), 1150 °C (b), samples 10 h aged at 1250 
°C, gas cooling
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In order to determine activation energies 
by the procedure given in reference[18], 
the values of peak stresses for the ini-
tial as-cast samples were fitted to the 
empirical sine-hyperbolic equation: 

              (1)

Q represented the deformation activa-
tion energy, R the universal gas con-
stant, and n, α and A materials con-
stants. Activation energy at tempera-
tures of examinations and for the ap-
plied strain rate ranges was calculated 
to be 287 kJ/mol. The comparison be-
tween the calculated and the measured 
values of peak stresses together with 
the other parameters of the equation 
(1) is given in Figure 7. The obtained 
activation energy was somewhat lower 
than that cited by other authors, e.g. 
CABRERA et al[9] for 25Cr7NiN3.8Mo DSS 

(Q = 438 kJ/mol), and PAUL et al[15] (Q = 
360 kJ/mol). This could be attributed to 
considerably higher fraction of ferrite 
in our steel.

conclusions

Hot deformation behaviour of the 
PK324 DSS samples, as-cast, and 10 h 
aged at 1250 °C, was examined at strain 
rates 0.1–5 s–1 and in the 950–1300 °C 
temperature range. The following con-
clusions could be made:

Compression temperature played •	
important role in the deformability 
of the as-cast microstructure. Ap-
pearance of surface cracking in hot 
compression below 1150 °C and 
no cracking above that temperature 
was observed with the not aged 
samples. Cracking occurred pre-
dominately on the α/γ grain bound-
aries. 
Ten hours aged samples at 1250 °C •	
could be safely deformed only in 
the temperature range 1200–1250 
°C.
The as-cast microstructure could be •	
broken in the temperature range of 
1150–1250 °C, otherwise the work-
piece should be reheated to above 
1150 °C.
Calculated activation energy for •	
the hot deformation process and 
for the peak values of flow stresses 
was 287 kJ/mol, and it was lower in 

Figure 7. Comparison between the calcu-
lated and the measured peak stresses as a 
function of temperature, not aged, as-cast.
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comparison to the cited values by 
other authors since our DSS con-
tained higher fraction of ferrite.
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