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Abstract: Hot workability and microstructural evolution in dependence to 
deformation conditions for AISI 904L, super-austenitic stainless steel 
has been investigated on the basis of hot compression tests conducted 
on a thermo-mechanical simulator, Gleeble 1500D. Processing maps 
were calculated for various deformation conditions and correlated to 
the stability maps. An extensive microstructural analysis was conducted 
and a map of microstructures in correlation to deformation conditions 
was structured. This will all serve as a basis for better understanding of 
microstructural processes involved during the production of this steel.

Izvleček: S termomehanskim simulatorjem Gleeble 1500D sta bila preisko-
vana preoblikovalnost v vročem in razvoj mikrostrukture superavste-
nitnega nerjavnega jekla AISI 904L. Procesne mape in mape nestabil-
nosti so bile preračunane za različne stopnje deformacije, prav tako je 
bila izdelana tudi karta mikrostruktur v odvisnosti od preoblikovalnih 
parametrov. Taka analiza se uporablja za boljše razumevanje mikro-
strukturnih procesov, ki se pojavljajo med vročim preoblikovanjem 
preiskovanega jekla.

Key words: AISI 904L stainless steel, processing maps, hot workability, hot 
compression testing
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Introduction

AISI 904L is a non-stabilized, low-
carbon, high-alloy superaustenitic 
stainless steel. These types of austen-
itic stainless steels are known to have 
very high ductility, formability and 
exceptional toughness.[1–4] These char-
acteristics are present through a wide 
temperature range as a result of a sin-
gle phase structure.

Because of the excellent corrosion re-
sistance AISI 904L is manly used in 
highly aggressive environments.[5, 6] It 
has a very good oxidation resistance 
and retains strength at elevated tem-
peratures.[7] The widespread of use is 
limited by the production costs on ac-
count of high nickel and molybdenum 
content and can reach high prices on 
the market compared to similar stain-
less steels. Thus the knowledge about 
the processes involved during hot de-
formation is of a great importance to 
minimize the processing costs and op-
timize the processing parameters and 
insure the uniform characteristics of 
the end product. The literature over-
view has shown that no studies of its 
hot deformation behavior and micro-
structural evolution during hot defor-
mation were conducted.

The goal of this study was to investigate 
the hot workability and microstructural 
evolution during hot deformation, as a 
basis for process optimization and bet-
ter understanding of the microstructural 
processes involved during production 
of this steel. The uniaxially deformed 
specimens were metallographically ex-
amined using light optical microscopy 
(LOM). 

Gathered data from the experiments 
was used to calculate the processing 
maps for different logarithmic defor-
mations and coupled with instability, 
which can be used in correlation with 
the microstructure maps to determine 
the optimal processing parameters dur-
ing the production of this steel grade.

Materials and methods 

The material used in this study is super-
austenitic stainless steel AISI 904L. The 
higher content of copper in the AISI 
904L enhances its corrosion resistance 
to strong reducing acids, e.g., sulphu-
ric acid. Cylindrical specimens with an 
initial diameter of 8 mm and a height of 
12 mm were machined from a 20-mm-
thick, rolled, annealed plate, with its 
chemical composition listed in Table 1.

Table 1. Chemical composition of the AISI 904L stainless steels in mass fractions, (w/ %)

C Cr Ni Si Mn Mo N Cu P S
AISI 904L 0.0074 19.45 23.31 0.25 1.56 4.19 0.069 1.41 0.019 0.001
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A computer-controlled, Gleeble 
1500D thermo-mechanical simulator 
was used for the hot, uniaxial, iso-
thermal compression tests. To reduce 
the friction between the specimen and 
the tool, and to avoid their mutual 
welding, a graphite lubricant foil and 
a 0.05 mm tantalum foil, respective-
ly, were used. The temperature was 
measured at the central part of the 
specimen, using a spot-welded S-type 
thermocouple.

The testing was performed in the 
temperature range between 850 °C 
and 1 200 °C in 50 °C steps and at 
five different strain rates (0.001 s–1, 
0.01 s–1, 0.1 s–1, 1 s–1 and 5 s–1). The 
specimens were heated to 1 200 °C 
with a heating rate of 10 K/s, fol-
lowed by a 5 min soaking time at 1 
200 °C. The temperature was subse-

quently lowered at 3 K/s to the de-
formation temperature, where it was 
held for another 5 min before defor-
mation. The maximum true strain 
was set to 0.9. After the deformation 
the specimens were rapidly quenched 
into water (quench time <1 s).

True stress vs. logarithmic strain 
curves were calculated, taking into 
account the heat generated due to the 
high strain rates. The temperature rise 
was compensated for by applying the 
method proposed by Liu et al. [9]

The deformed specimens were cut 
along the mid-plane and metallo-
graphically prepared by grinding, pol-
ishing and electrolytic etching. Light 
optical microscopy was used to ob-
serve the microstructural features in 
each sample.

a) 					              b) 

Figure 1. True stress vs. strain curves for the AISI 904L material deformed a) with 
strain rates of 0.1 s–1 and b) at 1 000 °C.
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Results and discussion

Compression tests
Typical true stress vs. trues strain 
curves are presented in Figure 1 for 
strain rates of 0.1 s–1 and deformed at 
1 000 °C, respectively. After the ini-
tial deformation hardening, softening 
behavior occurs. It is attributed to dy-
namic recrystallization (DRX), which 
was later on confirmed by microstruc-
tural analysis. The flow curves of the 
tests performed at higher temperature 
and lower strain rates (Figure 1a) show 
steady state behavior after initial sof-
tening. This effect is not present at the 
flow curves of samples deformed be-
low 1 100 °C and at higher strain rate 
than 1 s–1.

Processing maps
With the use of data, gathered during 
compression tests, processing maps 
were calculated and the windows of 
instable deformations were calculated. 
Processing maps are developed on the 
basis of a dynamic material model 
(DMM) which has been suggested and 
widely used by the group of Prasad.
[10–11] The processing maps of the mate-
rial can be described as an explicit rep-
resentation of its response to the im-
posed process parameters. It is a super-
imposition of the efficiency of power 
dissipation and an instability map.

The work-piece under hot deformation 
conditions works as an essential ener-

gy dissipater for this model. The con-
stituent equation describes the manner 
in which energy (P) is converted at 
any instant into two forms, thermal en-
ergy (G) making temperature increase 
and microstructural change caused 
by transform of metallurgical dynam-
ics (J), which are not recoverable. In 
general, most of the dissipation is due 
to a temperature rise and only a small 
amount of energy dissipates through 
microstructural changes. The power 
partitioning between G and J is con-
trolled by the constitutive flow behav-
ior of the material and is decided by 
the strain rate sensitivity (m) of flow 
stress as shown in the equation 

(1)

where e is true deformation, s is true 
stress and    is strain rate. For an ideal 
dissipater it can be shown that both 
quantities J and G are equal in their 
amount, which means that m = 1 and J 
= Jmax whereas the efficiency of power 
dissipation η is given by:

(2)

The variation of power dissipation 
with temperature and deformation 
represents the relative value of energy 
dissipation occurring through micro-
structural changes. Microstructural 
changes, which include a dynamic re-
covery and dynamic recrystallization, 
are desired and values for efficiency of 
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power dissipation η are in such cases 
in range 0.3–0.4. Lower values for η 
are less desired and often overlap with 
area of instable hot deformation (de-
scribed bellow). Thus lower values for 
η refer to wedge cracking, void forma-
tion at hard particles, dynamic strain 
ageing and intercrystalline cracking, 
etc. High values of η refer to forma-
tion of new surface related to micro-
cracking.

The instability map is defined by a 
stability criterion for a dynamic mate-
rial, where the differential quotient of 
its dissipative function has to satisfy 
an inequality condition (ζ), given by 
equation 3, to allow a stable flow.

(3)

Areas with values for ζ < 0 are con-
sidered as non-stable for hot defor-
mation. These areas refer to adiabatic 
shear bands, flow localization, Lüder’s 
bands, etc.

The maps, calculated for deformations 
of 0.1, 0.2, 0.4 and 0.6 are presented 
in Figure 2. They were calculated for 
the processing parameters applied dur-
ing compression tests; for temperature 
range from 850 °C to 1 150 °C and 
strain rates 0.001 s–1 to 5 s–1. The dis-
sipation maps are similar at various 
strains. The instable zone with ζ < 0 
(gray region) starts forming at defor-

mation 0.1 in the temperature region 
around 1 050–1 100 °C, and strain rate 
of around 0.1 s–1. The instability region 
grows with the raise of deformation, 
covering a processing area of strain 
rates from around 0.01 s–1 to 1 s–1 and 
temperature range from 1 000 °C to 
1100 °C. This processing area should 
be avoided; strain rates have to be high 
enough.

From Figure 2 it is clearly seen that in-
stability area overlaps with area with 
high value for η that although indicates 
on safe hot forming.

Microstructural analysis
Microstructures of deformed speci-
mens were inspected in the center 
part of the specimen where the high-
est deformation was present during 
compression. The comparison of 
initial microstructure and the mi-
crostructure before deformation is 
presented in Figure 3. The initial 
microstructure shows a very evenly 
distributed, recrystallized micro-
structure with recrystallization twins 
present. The measured mean grain 
size was ≈80 mm. As expected, the 
grains had grown substantially in the 
pre-deformation heating stage. This 
is contributed to the minimization of 
surface energy through the increase 
of the grain size. The austenite grains 
contain annealing twins which are 
characteristic for the alloys with low 
stacking fault energy.
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Figure 2. Processing maps for AISI 904L stainless steel, at strains a) ε = 0.1, b) ε = 0.2, 
c) ε = 0.4 and d) ε = 0.6.

Figure 3. Microstructure of AISI 904L-stainless steel. a) as-received state, b) after 
soaking at 1 200 °C for 5 min and subsequent water quenching.

a)

a)

c)

b)

b)

d)
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Figure 4. Obtained microstructures after deformation at various strain rates and tem-
peratures. Quenched after deformation to e = 0.9.
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The microstructural map, presented in 
dependence to processing parameters 
is presented in Figure  4. No recrys-
tallized grains are to be found in the 
specimens deformed with higher strain 
rates (1 s–1 and 5 s–1) and below 950 
°C. On the other hand, other specimens 
did recrystallize some partly, with only 
necklace type microstructure, with 
small recrystallized grains around de-
formed larger grains and some fully 
recrystallized. Appearance of necklace 
type microstructure indicates that DRX 
was not completed. The DRX necklace 
which follows dynamic nucleation 
usually takes place in a coarse-grained 
structure under deformation at low 
temperature or high strain rates. 
The region, marked with red border, 
shows the region where instability 
maps predicted low microstructural 
stability. It can be seen that the grain 
size is widely distributed, from very 
small recrystallized grains in necklace 
to large deformed primary grains. This 
could cause unstable deformation and 
as such should be avoided during pro-
cessing.

Conclusions

Hot deformation behavior of AISI 
904L-stainless steel was studied, using 
thermo-mechanical processing. From 
the gathered results, the following con-
clusions can be drawn:

•	 	After initial deformation harden-
ing, softening mechanisms are ob-
served, and steady state flow stress 
is achieved at the logarithmic strain 
of 0.9 below the strain rate of 1 s–1 
and above 1 100 °C.

•	 	Processing maps, calculated on the 
basis of compression test show an 
instability region below 1 s–1 and 
between 1 000 °C and 1 100 °C.

•	 	Microstructural analysis showed 
a gradual increase of dynamically 
recrystallized material with a de-
crease of strain rate and increase of 
temperature. A fully recrystallized 
microstructure is found in speci-
mens deformed with a strain rate of 
0.001 s–1 and above 1 050 °C.

•	 	The comparison between results of 
the map of microstructural evolu-
tion and the processing maps are in 
good agreement, providing useful 
information for process guidance.

•	 	Highest values for efficiency of 
power dissipation were obtained 
around 1 050 °C and strain rate of 
0.1 s–1.
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