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HOT FORMABILITY OF HEAT-RESISTANT STAINLESS STEEL X15CrNiSi 20-12

High-temperature plastic properties of heat-resistant stainless steel X15CrNiSi 20-12 were assessed on the basis of hot tensile
tests and nil strength tests. The results were supported by metallographic analyses using SEM and EDX analysis. The formability
of the investigated steel can be divided into roughly three temperature areas. In the temperature range of 900°C to about 1050°C,
formability was negatively affected by precipitation of carbide particles at grain boundaries. As the temperature rose to 1200°C,
these particles dissolved, resulting in an increase in formability. Further temperature increases resulted in a relatively steep drop
in formability caused by overheating of the material. The nil ductility temperature of 1280°C and the nil-strength temperature of
1362°C were determined. The Plastic and strength properties of the investigated material were compared with the deformation
behavior of the reference steel X5CrNi 18-10, which shows a significantly wider range of suitable forming temperatures.
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1. Introduction

Austenitic heat-resistant steels had been developed on the
basis of stainless steels by the end of the 19th century and today,
they are widely used in construction materials for applications
such as boilers, reactors, heaters, heat exchangers, etc. Their main
advantage is the combination of relatively high strength, creep,
oxidation and corrosion resistance and relatively low production
costs [1-7]. Complications in these steels are associated with
deterioration of mechanical properties and formability due to
precipitation. Under operating conditions, various secondary
phases can be formed in austenitic steels, such as MX car-
bonitrides, M,;C¢ carbides, Z phases, sigma phases, and Laves
phases, which may agglomerate further due to aging [1,8-11].
Thus, the microstructure of heat-resistant steels is formed by
austenitic grains, which are lined with precipitates formed in the
temperature range of about 600-1000 (1050)°C. These particles
lead to embrittlement, and the steel is subjected to dissolution an-
nealing, which usually takes place in the range of 1000-1100°C.
Another negative effect is the reduced recrystallization ability
of austenitic heat-resistant steels [12-18].

MX carbonitrides and M,;C¢ type carbides have an fcc
lattice and normally nucleate further along the grain boundaries
and in locations with higher dislocation density. This phenom-

enon is associated with the rate of diffusion, which is higher in
these places than in the remaining volume [19-24]. The M»;Cg
carbide roughening rate is much higher than that of MX type
carbonitrides, which promotes high temperature creep. Micro-
alloying elements, such as Ti, Nb and V also contribute to the
formation of MX carbonitirides, and since they have a higher
carbon affinity than chromium, they are used to reduce and slow
down the formation of M,;Cg¢ carbides. M,3Cq4 carbides posited
along the grain boundaries can also cause inter-crystalline cor-
rosion [22-24].

The aim of the work was to evaluate the hot formability
of chromium nickel austenitic stainless steel and heat-resistant
X15CrNiSi 20-12. This steel is used for the construction of heat
treatment equipment, parts of boilers and furnace aggregates
(fittings, grates, conveyors, hinges), heat exchanger and fan
components, for thermally stressed parts of ceramic and glass
furnaces, thermocouple protective sleeves, as heat stressed
fasteners and others [1,2]. The deformation behavior study will
be based mainly on uniaxial hot tensile tests, a very sensitive
method due to the prevailing tensile components of the stress in
formability evaluation. The parameters evaluated are ductility,
contraction and ultimate tensile strength. The tensile test results
can be used to determine the NDT (Nil ductility temperature) at
which the formability of the material is exhausted and fracture
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occurs under load without evidence of elongation of the test
specimen. Another critical temperature for the high temperature
region of metallic materials is the nil strength temperature (NST)
at which the material loses all its strength during heating due to
the grain boundary melting, i.e.temperature at which the material
does not tolerate any load. NST is always higher than NDT, but
both of these critical temperatures are highly dependent on the
chemical composition of the material [12,25-27].

2. Experimental

Steel X15CrNiSi 20-12 with chemical compositionin Ta-
ble 1 was supplied in a post-hot rolling condition.

TABLE 1
Chemical composition of X15CrNiSi 20-12 steel in wt.%

C Mn Si Cr Ni | Mo N

XISCANISE 2012 0 e 01 154 [ 202 [ 123 [ 0.27 | 0.07

The deformation behavior was investigated on a hot de-
formation simulator Gleeble 3800. Tests for determining the
nil-strength temperature (NST) were performed on cylindrical
samples with a diameter of 6 mm and a length of 81 mm. These
samples were loaded with a constant tensile force of 80 kN
throughout the test via air controlled piston. At the same time,
the resistive heating of the samples was carried out at a rate of
20°C-s! up to a temperature 1200°C, and then the heating was
slowed down to 2°C-s™!, while the temperature was linearly in-
creasing to the fracture of the sample caused by the combination
of melting effect grain boundaries and very low tensile forces. In
order to eliminate the effect of possible inhomogeneities in the
investigated materials and also for statistical evaluation, this test
was repeated 3 times —see Fig. 1. The average NST was 1362°C
with a relatively low standard deviation of +4°C.
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Fig. 1. Records of NST measurement for steel X15CrNiSi 20-12

For hot tensile testing, cylindrical specimens with a di-
ameter of 10 mm and a length of 116.5 mm were prepared and
threaded on the end portions. Hot-grips stainless steel jaws

(Fig. 2) were used for uniaxial tension tests, which are used to
provide uniform heating in the 20 mm zone [25,26]. Tensile
tests were carried out in the temperature range of 900-1280°C.
The resistance heating of the samples was at the rate of 10°C-s™!
directly to the deformation temperature, where 180 s delay fol-
lowed. The pull of the sample into the fracture was at a stroke

rate of 50 mm-s".

Fig. 2. Placement of samples in hot grips jaw type for tests on simula-
tor Gleeble 3800

Tensile diagrams (see Fig. 3) from which the maximum
force values F,, (kN) and the sample elongation till fracture
AL (mm) were determined. These values were subsequently
used to calculate the ultimate tensile strength R, 7 (MPa) and
the hot ductility A7 (%):
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Where AL is elongation till fracture (mm) and L, =20 mm is the
initial measured length.
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Fig. 3. Graphical representation of the hot tensile test of steel X15CrNiSi
20-12

Contraction Z7 (%) was expressed by cross-sectional areas
of test bars after breaking S, (mm?) and initial cross-section
Sy =78.5 mm?*:



S, —S
Zy =%-100 (3)

0

Selected samples were subjected to metallographical
analyses (light microscopy, SEM and EDX). Conventional
metallographic examination by light microscopy was used for
the microstructure analysis. Polishing and grinding was done
by using papers and SiO, suspensions. The grain size calcula-
tion was based on the intercept lengths measurement using
the software Quick PHOTO INDUSTRIAL 3.2. For a sample
heated to 1050°C, supplementary analysis of the precipitates
was performed by the SEM method on a JEOL JSM-6490LV
scanning electron microscope equipped with an INCA x-act
energy dispersion analyzer (Oxford Instruments). Chemical
etching was realized with a reagent of 10 parts H,O, 10 parts
HNOj; and 1 part HCI.

For comparison, analogous experiments were performed on
reference austenitic stainless steel X5CrNi 18-10, the chemical
composition of which is given in Table 2.

TABLE 2
Chemical composition of X5CrNi 18-10 steel in wt.%

C Mn Si Cr Ni | Mo N
0.024| 1.55 |1 037 | 182 | 8.0 | 0.25 | 0.07

X5CrNi 18-10

3. Results and discussion

Hot deformation behavior of steel X15CrNiSi 20-12

Examples of broken samples are shown in Fig. 4. Fig. 5
shows the fracture surfaces for the selected two forming tem-
peratures. In the case of 1280°C, the significant coarsening of the
grain, which has a mean size of about 0.4 mm, is clearly visible.
Significant coarsening of the grain is probably due to a combina-
tion of several causes. Significant coarsening of the grain tends
to be associated with the presence of anchored structure due
to particles of other phases or a larger size of the primar grain,
including other crystallographic orientation.

As can be seen from Fig. 3, with increasing temperature,
the contract strength decreases to a temperature of about 1265°C.

S —— — e Ve
w’m. = S ¥ 1100 °C

11250 °C

1280 °C

20 mm

Fig. 4. Selected examples of samples after test

729

1050 °C 1280 °C

4

v > E
. et 4 -
M g “1 ')i w'e N.e‘

Fig. 5. Examples of fracture surfaces after sample failure

This phenomenon is displayed along with the ductility depend-
ence on deformation temperature in Fig. 6. It is also evident from
this graph that the highest formability can be expected for the
investigated steel within a narrow temperature range of about
1100 to 1200°C, which is in agreement with authors [2,14]. When
the temperature was increased further, the formability dropped
sharply, with an NDT of 1280°C being determined.
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Fig. 6. Thermal dependence of ductility till fracture, contraction and
ultimate tensile strength steel X15CrNiSi 20-12

Initial structure affected by the heating temperature
of steel X15CrNiSi 20-12

The initial material structure is characterized by consider-
able heterogeneity with the appearance of grains of the order of
tenths of a millimeter — see Fig. 7.

In order to clarify the measured data, further experiments
were conducted aimed at studying the structure of the samples
before deformation. Tensile samples were heated to selected
temperatures of 900°C, 1050°C, 1200°C, or 1280°C, and their
structure was fixed by quenching. Metallographic images of
structures after heating in Fig. 8 document austenitic grains, often
with characteristic twins. The original coarse grains remained
at heating temperatures of 900-1050°C. Dark etching artifacts
signal the occurrence of inclusions.
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Fig. 7. Initial structure of X15CrNiSi 20-12

It has been verified that the acceleration of grain growth
occurs above a temperature of about 1100°C — see Fig. 9.

In the temperature range of 900-1050°C, small formations
occur in particular in the form of chains (see Fig. 10a), which
are very likely to reduce formability — this corresponds to the
graph in Fig. 6. At these temperatures, the grain boundary diffu-

500 pm |

sion takes place much faster than in the remaining volume and
grain boundaries provide preferred nucleation sites for carbide
particle precipitation. At higher temperatures, these formations
dissolve at the grain boundaries (see Fig. 10b) and thus increase
formability. Examples of similar mechanisms are described in
several papers [1,28-31].

The drop in formability at temperatures above 1200°C is
mainly due to overheating of the material, which is associated
with significant coarsening of the grain.

SEM/EDX analysis

Fig. 11a) illustrates the character of the backscattered
electron precipitation pattern after polishing the sample. It
is clear that precipitates formed near-continuous mesh at the
grain boundaries, and were typically in the range of about
0.5-2.5 um and to a small extent precipitates of up to 5 pm in
length were also observed. A small portion of precipitates was
also present within the austenitic grains. Fig. 11b) shows the
character of precipitation after etching. To clarify the nature of
the precipitates, an EDX analysis of their chemical composition
was performed. Fig. 12 compares the results of EDX analysis
of the metal matrix and the precipitate particles. The results of

C
500 pm I

Fig. 8. Examples of the microstructure of selected heating temperatures of steel X15CrNiSi 20-12; a) 900°C, b) 1050°C, c¢) 1200°C, d) 1280°C
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Fig. 9. Influence of heating temperature on grain size X15CrNiSi 20-12

a series of analyses showed that the precipitates are likely to be
M,;Cq type carbides containing preferably Cr but also increased
the content of molybdenum (54.34% Cr; 30.48% Fe; 9.27% C;
3.48% Ni; 1.33% Mo; 0.75% Mn; 0.35% Si). The content of

i 100 pym |
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Si in the precipitates was always lower compared to the metal
matrix (19.43% Cr; 60.73% Fe; 5.29% C; 11.51% Ni; 0.35%
Mo; 1.07% Mn; 1.62% Si). The presence of M,;Cg carbides in
the sample heated to 1050°C is probably due to the fact that
the increased proportion of silicon in chromium-nickel steels
promotes precipitation of this type of carbide and increases the
temperature range at which the carbide is stable [32]. The delay
time at 1050°C was probably not sufficient to dissolve the carbide
precipitates, because their formation during cooling should be
eliminated due to the quenching of the sample into water. For
the studied steel, the temperature of 1050°C represents the lower
limit of the recommended solution annealing interval [1,2]
The same sample, EDX analysis of the chemical composi-
tion of the coarser non-metallic inclusions was also performed
—see Fig. 13 and 14. Coarser non-metallic inclusions were found
to be complex oxysulfides. Al,O; —based oxides were present in
the center of the inclusions and contained an increased Ca content
(47.5% Al; 46.1% O; 5.6% Ca; 0.4% Cr; 0.4% Fe). The inclu-
sion envelope was a sulphide of the (Mn, Ca)S type (46.7% Mn;
35.0% S; 7.5% Ca; 5.2% Cr; 2.1% Al; 2.1% O; 1.6% Fe).

Fig. 10. Grain boundaries with and without fine elements in steel X15CrNiSi 20-12; a) 900°C, b) 1200°C
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Fig. 11. SEM microscopy of sample structure with particles on grain boundaries after heating at 1050°C; a) Polished sample, b) Etched sample

with local sites of chemical EDX analysis
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Fig. 12. EDX analysis of sample at 1050°C; a) matrix (Spectrum 1), b) precipitate (Spectrum 2)

Fig. 13. Example of inclusion in sample 1050°C

0f 32°C compared to steel X15CrNiSi 20-12. This corresponds
to the temperature dependence of strength and formability in
Fig. 16-17.

Due to the higher content of C, Cr and Si, and the expected
lower recrystallization capacity, the steel X15CrNiSi 20-12
shows greater strength especially at low temperatures, the dif-
ferences are negligible at the temperature range of 1200-1250°C.
This effect is most likely due to the higher content of C, Cr and Si
since these elements significantly affect strength and plasticity as
well as recrystallization kinetics. Silicon has a similar effect to Cr
in austenitic steels. The higher silicon content, which is dissolved
in austenite, gradually decreases formability throughout the hot
forming temperature, and this effect is particularly apparent for
Si contents above 1%. Chromium in solid solution increases
strength, increases activation energy and reduces recrystallization
ability, especially in high alloy austenitic steels. The Formation
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Fig. 14. EDX analysis of inclusion for the sample at 1050°C; a) Inclusion envelope formed by (Mn,Ca)S, b) The central part of the Al,O3-based

inclusions with increased Ca content

Comparison of hot deformation behaviour
of X15CrNiSi 20-12 and X5CrNi 18-10 steels

For reference steel X5CrNi 18-10, a nil-strength tem-
perature of 1394°C was determined with a standard deviation
of £1°C (see Fig. 15), indicating a relative reduction of NST

of chromium carbide unfavorably affects formability in the lower
forming temperature range. The critical deformation ¢, required
for the initiation of dynamic recrystallization of austenitic
types of steels is generally higher in the range 1000-850°C than
&.> 0.5, In particular, dynamic recovery with partial removal of
reinforcement is taking place in forming such alloyed austenitic
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Fig. 16. Comparison of strength of two steels X15CrNiSi 20-12 and
X5CrNi 18-10
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Fig. 17. Comparison of the temperature dependence of plastic properties of steels X15CrNiSi 20-12 and X5CrNi 18-10; a) Ductility, b) Reduc-

tion of area

steels, but the decisive part of recovery is due to post-dynamic
processes [12-14].

Fig. 17 shows that the hot formability of X15CrNiSi 20-12
is virtually lower over the entire temperature range compared
to the reference less alloyed steel. The reasons are analogous to
the differences in strength.

Nil ductility temperature (NDT) has a value of approx.
1374°C for X5CrNi 18-10 steel; this is 94°C more than in the
case of X15CrNiSi 20-12, which therefore shows a much nar-
rower range of suitable forming temperatures. There is a variety
of calculations for determining solidus 75 and 7} liquidus tem-
perature values, but only a few are suitable for complex alloyed
austenitic stainless steels [33-35].

The experimentally determined NDT and NST values cor-
respond to the solidus 7gand 7; liquidus temperature calculations
according to formulas [36]:

Ty =1535-200(%C)—183.9(%S) -12.3(%Si)
—6.8(%Mn)—4.3(%Ni)—1.4(%Cr)

—4.1(%Al1)—124.5(%P) (41)

T, =1537-88(%C)—25(%S)—5(%Cu)
—8(%Si)—5(%Mn)—2(%Mo)—4(%Ni)
—1.5(%Cr)—18(%Ti)-2(%V)—-30(%P)  (4)

A comparison of all critical temperatures for the high tem-
perature region of the two investigated steels is given in Table 3.

TABLE 3

Critical temperatures of investigated steels

NDT (°C) | NST (°C) | Ts (°C) [36] | T_ (°C) [36]
X15CrNiSi 20-12 1280 1362 1387 1423
XS5CrNi 18-10 1374 1394 1448 1463

The difference in NST and NDT values should be around
30°C with a tolerance of £15°C, according to the authors of the
papers [26,27]. This corresponds to a difference of 20°C in the
case of steel X5CrNi 18-10, but the difference of 82°C in steel
X15CrNiSi 20-12 is abnormally large and confirms the unsuit-
ability of applying high forming temperatures.
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4. Conclusions

Critical temperatures associated with high temperature
plasticity of heat-resistant stainless steel X15CrNiSi 20-12 was
found, i.e. NDT =1280°C and NST = 1362°C. It has been found
that the temperature range most suitable for forming this steel
has a very narrow range of 1100-1200°C. At lower temperatures,
the formability is slightly reduced due to the fine carbide mesh
along the grain boundaries, mainly formed by M,;Cg particles.
As the temperature rises up to about 1200°C, these particles
dissolve, resulting in improved plastic properties. The relatively
steep drop in formability at temperatures above 1200°C is mainly
due to grain growth in connection with material overheating.

A comparison of the deformation behavior of the investigat-
ed steel with austenitic stainless steel X5CrNi 18-10 showed that
the alloy with lower C, Cr and Si content showed lower strength
and formability at virtually all temperatures above 900°C. At the
same time, the reference NDT and NST values of the reference
steel are significantly higher than in the case of X15CrNiSi 20-12.
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