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Abstract

With using of the simulator HDS-20, the strength and plastic properties of two selected low-alloyed Cr-Mo
steels, which were differing by carbon and manganese content, were experimentally investigated. By a special
test consisting of loading of tested specimen by the small constant tensile force of 80 N in the whole course of
his heating, the nil-strength temperature of the investigated steels was determined. The steel with the higher
carbon content showed about of 42 °C lower nil-strength temperature. By uniaxial tensile tests to rupture which
were performed in the range of deformation temperatures of 800 - 1410 °C at the constant tensile rate of
20 mm-s™' and 1000 mm-s™', the strength and plastic properties of the investigated steels were examined. The
different carbon content did not significantly influence the strength properties of the investigated steels in the
examined range of deformation temperatures. In the case of the hot ductility, similar results were obtained, but
the steel with the higher carbon content showed about of 35 °C lower nil-ductility temperature. The difference
between the nil-strength temperature and nil-ductility temperature was 39 °C and 32 °C in the case of the steel
with the carbon content of 0.31 wt. % and 0.43 wt. %, respectively.
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1. INTRODUCTION

The main aim of the presented work is the study of the high temperature strength and plastic properties of the
chosen low alloy Cr-Mo steels with various carbon and manganese contents. Strength and plastic properties,
or the formability of materials at high temperatures is possible to research with the application of uniaxial tensile
tests to rupture. The formability, or plastic properties of the tested material in this case are evaluated from the
overall elongation of the tested rod into rupture or from their contraction [1-7].

Temperature is an important parameter not only for production processes, casting and hot forming, but also
for example for welding of steels. Due to the optimization of the current processes of production steels is
important to know the temperatures of phase transformations, or temperatures, during which steel loses
plasticity or strength [8-11]. The nil-strength temperature NST (°C) corresponds to the temperature of burning
of material during his heating and can be determined in the research of brittleness at high temperatures, for
example during welding, casting or during determining of upper forming temperatures. In the literature,
pertaining to mostly the processes of welding and forming of materials, nil-strength temperature is defined as
the temperature, during which metals lose all their strength due to the melting of grain boundaries, which
means that during this temperature, materials can‘t withstand any load [9-11]. The nil-strength temperature is
therefore lower than liquidus temperature - TL (°C) - see Figure 1. Whereas the nil-ductility temperature NDT
(°C) corresponds to temperature, during which the ductility of material is equal to zero (achieving of 100 %
brittleness). The value of NDT is determined with using of tensile tests with direct heating to the deformation
temperature - see Figure 1. It is important to know the nil-strength temperature of steels, especially to eliminate
cracking during high temperatures (for example during welding or casting), because this temperature together
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with the ductility recovery temperature DRT (°C)
delimits the brittleness temperature range - BTR
(see Figure 1). Inthis range are the metals
during their  solidification  sensitive to
segregational cracking due to local loss of
ductility of grain boundaries [1,9,12]. The
ductility recovery temperature DRT (°C) is
determined by tensile tests after a uniform pre-
heating to tested rods a temperature lower than
NST with a subsequent cooling to the chosen 5%
deformation temperature. The DRT should be BRT NOT NaTTL
correspond to approximately 5% of the Temperature

material‘s ductility - see Figure 1. The DRT and Figure 1 Diagram of temperatures characterizing
NDT delimit the nil-ductility range - NDR [9]. brittleness temperature range (based on [9])

Hot Ductility

2, EXPERIMENT DESCRIPTION

For the purposes of the presented works, two low alloy Cr-Mo steels were selected, which were supplied as
seamless tubes (with an initial fine grain structure), and were differed mainly in their carbon and manganese
contents - see Table 1.

Table 1 Chemical composition of investigated steels in wt%

Steel C Mn Si P S Ni Cr Mo \' N
A 0.31 0.52 0.292 0.016 0.008 0.08 1.04 0.221 0.009 0.0088
B 0.43 0.80 0.270 0.012 0.011 0.02 1.01 0.193 0.004 0.0044

These experimental works were divided into three stages. In the first stage, the nil-strength temperature of the
investigated steels was determined. In the second stage, the plastic properties of both steels in a wide range
of deformation temperatures were investigated with using of the uniaxial tensile test. In the last stage, the
influence of deformation temperature on the mean diameter of initial austenitic grain was investigated.
All stages were realized with using of the simulator HDS-20.

The nil-strength temperature was determined only in the case of steel A, because for steel B was this
temperature determined already earlier [13]. For purposes of determining of the nil-strength temperature the
cylindrical specimens with diameter of 6 mm and length of 81 mm were prepared from steel A. These
specimens were then heated up in two stages by electrical resistant heating and during the whole test there
was a small constant tensile force of 80 N applied to the specimens. The specimens were heated up with the
rate 20 °C-s™' to the temperature 1,200 °C and then they were slowly heated at the rate 2 °C-s' from this
temperature to the moment of their rupture. In order to eliminate possible inhomogeneities in the investigated
steel, and in order make a statistical evaluation, this test was performed 3 times in the same conditions.

For the uniaxial tensile tests the cylindrical specimens with diameter of 10 mm and length of 116.5 mm, which
were threaded at the ends, were prepared from booth of investigated steel. These specimens were then
attached into stainless steel jaws with a partial contact area and were electrical resistance heated with the rate
10 °C-s'directly to the deformation temperatures, which was selected in the range of 800 °C - 1,410 °C. After
uniform 5 minutes dwell time at the deformation temperature were these specimens deformed by tensile until
rupture at the constant tensile rate of 20 mm-s-' or 1,000 mm-s-!, which corresponds to the mean strain rate
at the beginning of the test ca. 1.6, or 75 s-'. In the case of steel B the earlier measured data for tensile rate
20 mm-s' were used [13].
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For the purposes of determining the influence of deformation temperature on the mean diameter of the initial
austenitic grain after heating of the investigated steels to the selected deformation temperatures and
subsequent 5 minutes dwell time, the specimens (with diameter 10 mm and length 116.5 mm) were quenched
in water. For the steel A were selected temperatures 900 °C; 1,100 °C; 1,300 °C and 1,400 °C. For steel B
were selected temperatures 950 °C; 1,100 °C; 1,250 °C and 1,350 °C. Subsequently, these samples were
subjected to metallographic analyses aimed at etching the boundaries of the original austenitic grain.
The cross section in the centre of the length of the specimens was investigated.

3. PROCESSING OF MEASURED DATA AND DISCUSSION OF RESULTS

The experimentally determined nil-strength temperature corresponds to the highest value of the registered
temperature at the moment of rupture of the tested specimen (due to the combination of melting of grain
boundaries and the action of a very small tensile force). This phenomenon is easily identifiable, because
it is accompanied by a steep declination of measured temperature, or by her steep increase, which is caused
by the loosening of the thermocouple wires (see Figure 2 and Figure 3). From the measured nil-strength
temperatures of the investigated steels subsequently their mean value NSTmean) (°C) and their standard
deviation was determined. For steel A was NSTmean) = 1,444 °C (standard deviation 5.9 °C) and for steel B
was NSTmean) = 1,402 °C (standard deviation 2 °C). The higher carbon content in the investigated steel B,
in comparison to steel A, lead to decrease in temperature NSTmean) by 42 °C.
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Figure 2 The measured nil-strength temperature Figure 3 The measured nil-strength temperature
of steel A of steel B [13]
From the data registered during the uniaxial tensile 14 Py
tests, there were tensile diagrams prepared, which 12

documents the relationships between the measured
force and the total elongation - see example in
Figure 4. From these diagrams it was possible to
determine the maximum force values Fprax (KN) and
total elongation to the rupture AL (mm). These values 4
were then used for the calculation of the contractual
hot ultimate tensile strength UTSy (MPa) and hot

ductility Ay (%) of all ruptured specimens: 0 5 10 15 20 25 30
Total Elongation (mm)
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UTS. — Frax. - 1000 1) Figure 4 Selected tensile diagrams of steel A -
" So tensile rate 1,000 mm-s
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0
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where Sp (mm) is the initial cross-sectional area of the tested specimens and Lo (mm) is the measured length,
which was (in the case of the used jaws from stainless steel and the dimensions of the tested specimens)
equal to 20 mm. The relationship between the contractual hot ultimate tensile strength and hot ductility at the
deformation temperature in the case of both investigated steels can be seen in Figure 5 and Figure 6.

w
o
o

@ Steel A
& Steel B

@ Steel A
250 - ¢ Steel B

]
(4
o

n

o

o
n
o
o

100 100

(4]
o
(4]
o

0

T T T T T T 2 0 T T T T T T ©
700 800 900 1000 1100 1200 1300 1400 1500 700 800 900 1000 1100 1200 1300 1400 1500

Temperature of Deformation (°C) Temperature of Deformation (°C)

Hot Ultimate Tensile Strength (MPa)
g

Hot Ultimate Tensile Strength (MPa)
@
o

a) tensile rate 20 mm-s! b) tensile rate 1,000 mm-s™'

Figure 5 The contractual hot ultimate tensile strength of the investigated steels

With increasing of deformation temperature, the deformation resistance and therefore the contractual hot
ultimate tensile strength decreased (see Figure 5). The applied higher tensile rate (a higher mean strain rate)
caused an increase contractual hot ultimate tensile strength. With the exception of cases influenced by
practically zero formability, there wasn't registered any significant impact of the higher content of carbon and
manganese in steel B, with comparison to steel A, on the amount of contractual hot ultimate tensile strength.
Only in the case of uniaxial tensile tests performed at tensile rate of 1,000 mm-s-'it can be observe a slight
increase of contractual hot ultimate tensile strength of steel B.
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Figure 6 The hot ductility of the investigated steels

With considering the scatter of the measured data, the hot ductility of both investigated steels in the range of
the deformation temperatures 800 - 1,340 °C was practically the same (see Figure 6). In the literature, it is
possible to find papers [14,15], in which the plastic properties of Cr-Mo steels are investigated in the range of
the temperatures 700 - 1,100 °C. In the papers [14,15], the plastic properties of their investigated steels
decreased uniformly along with the deformation temperature until the temperature 800 °C, as in the case of
our investigated steels. Unfortunately, it wasn‘t find results of the plastic properties of Cr-Mo steels for
temperatures higher than 1,300 °C. On the basis of the results of the uniaxial tensile tests presented in this
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work (see Figure 6) it was found, that only a small difference in carbon and manganese content in the
investigated steel had an effect on their plastic properties at very high temperatures. At deformation
temperatures above 1,340 °C, there was a rapid decrease of hot ductility of both investigated steels due to
overheating and burning. The steel B (with higher carbon and manganese content) showed, that in comparison
with the steel A (with a lower carbon and manganese content), earlier decrease of hot ductility (see Figure 6).
On the basis of the results of the uniaxial tensile tests (performed at both tensile rates) the values of NDT were
determined and then the mean value of NDT mean) Of both investigated steels were determined - see Table 2.
Steel A (with a lower carbon and manganese content) therefore showed a 35 °C higher nil-ductility temperature
than steel B (with a higher carbon and manganese content). The applied differed strain rates didn‘t have a
significant effect on the nil-ductility temperature of the investigated steels. The difference between the nil-
strength temperature and nil-ductility temperature was in the case of steel A 39 °C, and 32 °C in in the case of
steel B.

Table 2 The nil-ductility temperature of the investigated steels

Steel NDT - 20 mm-s™ NDT - 1000 mm-s™ NDT mean)
A 1,400 °C 1,410 °C 1,405 °C
B 1,375 °C 1,365 °C 1,370 °C

1000 um

a) steel A - temperature of 1,400 °C b) steel B - temperature of 1,350 °C

Figure 7 Example of photo documentation of initial austenitic grain after heating of investigated steels to
selected temperatures
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Figure 8 The mean diameter of the initial austenitic grain of the investigated steels
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Metallographic analysis was performed with the use of the traditional optical microscopy. It was determined
that both investigated steels have significantly coarse austenitic grains at temperatures higher than 1,250 °C
(see Figure 7). In the case of temperatures 1,300 °C and higher, this coarseness is accompanied presence
of black forms inside and on the border of the austenitic grain, which most likely represent inclusions.
Occurrence of inclusions at the border of the original austenitic grains causes brittleness at high temperatures.
The mean diameter of the original austenitic grain dmean (um) of the hot treated specimens was determined
with using of a linear straight line method according to EN ISO 643 [16]. The mean diameter of the initial
austenitic grain increased with rising temperature, and it is relatively simple to describe the exponential
correlation for both investigated steels with simple equations - see Figure 8.

4, CONCLUSIONS

High heat strength and plastic properties of both selected low alloy Cr-Mo steels, differed in carbon and
manganese content were investigated with the using of the simulator HDS-20.

The steel with higher content of carbon and manganese showed a 42 °C higher nil-strength temperature and
a 35 °C higher nil-ductility temperature. It was confirmed, that the nil-strength temperature and nil-ductility
temperature decreases with a higher content of carbon in steel, which corresponds to a decrease of solidus
temperature in the metastability diagram Fe-FesC. In addition, the influence of the heating temperature on the
size of the austenitic grain was determined for both investigated steels and this dependence was described
with great accuracy by exponential equations.

The achieved results can be used for the optimization of heating temperatures, for determining of upper
forming temperatures, or for processes associated with welding of the both investigated steels.
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