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Purpose: Purpose of this paper was to give information about low temperature strength and impact CharpyV
toughness of low carbon microalloyed 5%Ni bainitic steel after thermomechanical rolling (TMR) or
thermomechanical controlled processing (TMCP) and ageing at different temperatures: 580°C/2 h, 640°C/1h
and 680°C/1h.

Design/methodology/approach: The tensile strength tests were performed at -196, -60 and 20°C and Charpy V
samples were broken at -100, -80, -60, -40, -20 and 20°C temperatures. The tensile strength TS, yield strength
Y, elongation AS and reduction of area RA were established from tensile experiments. After TMCP 16 mm steel
plate had YS = 730MPa, TS = 950 MPa, A5 =22,5% and RA = 61% and impact energy > 50 J at -196°C.
Findings: The best combination of mechanical properties; yield strength and Charpy V toughness was achieved for
steel after TMR and ageing 580°C/ 2h; YS = 800MPa, TS = 900 MPa, A5 = 22.5%, at -1000C KVmin.= 110 J.
Research limitations/implications: The precise methodology for retained austenite identification and its
amount content determination in the investigated microstructures is still metallographic problem which needs
to be resolved.

Practical implications: The best combination of yield strength and Charpy V toughness was achieved for steel
after TMR and ageing 580°C/ 2h. At liquid nitrogen temperature ultrahigh strength properties were: YS = 1140
MPa, TS = 1280 MPa, A5 = 26%, RA = 55% and KV 122 J at -100°C.

Originality/value: The detailed microstructure examination of the steel with optical and mainly scanning
transmission electron microscopy was needed to explain its good properties at very low temperature. TRIP effect
was observed due to the presence of highly alloyed retained austenite in the microstructure. That type of steel
may be used for contemporary military and structural applications working at low temperatures.
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In the present paper efforts have been made to develop low
carbon steel with an improved toughness and weldability and
satisfying strength level. Thus carbon content was reduced below

Ultrahigh strength is usually achieved in HSLA steels by
increasing the carbon level (AISI 4340 type) or introduction of
high copper addition to chemical composition (HSLA 130 steel)
[1-3]. These steels are produced by a repeated quenching and
reduced carbon content to 0.10-0.16%.However, the great amount
of alloying elements (> 10%) such as Ni, Cr, Mo and Co are
added to these steels to achieve an increased strength level [5,6].
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tempering processes. The interstitial strengthening of carbon in
martensite impairs toughness and weldability of steel. Recently
this was observed for new developed steel with high amount of
alloying elements: 0.18%C, 1.67%Mn, 3.36%Ni, 1.95%Cu,
0.78%Mo, 0.03%Al, 0.07%Ti, 0.05%Nb which after thermomech-
anical control processing (TMCP) at finishing rolling temperature
in the range 850 — 700°C had YS 1456 MPa, UTS 1756 MPa but
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low CVN impact Charpy V energy at -40 °C ~ 20J [4]. Better
mechanical properties were achieved for another category of
ultrahigh strength steels HY 180 and AF- 1410 with 0.05%C,
sulphur <0.005%, phosphor < 0.01% and amount of nickel was
increased to 5%, chromium 0.6% and molybdenum 0.45%.
Microalloying of 0.03%Al, 0.07%V and 0.05%Nb was applied. A
continuous cooling transformation diagram (CCT) of the investigated
HNS5MVND steel was constructed from dilatometric measurements
[7]. The influence of hot deformations and cooling rates after
commencement of rolling on course of phase transformations was
shown in previous paper [8]. The information gathered there allowed
for selection of proper thermomechanical control processing of the
steel. However, research in this area is still in progress [9-11].

2. Work methodology,
materials for research and
CCT diagram

The HNSMVND steel was prepared in an induction furnace
under protective argon atmosphere, poured into ingots 100 x 100
mm and then after reheating at 1200°C/2 hours hot rolled to 20,
16 and 12mm thick slabs. Selected ingots were thermomechanical
control processed (TMCP) to 12 mm thick plates according to
deformation schedule described in paper [8]. These plates were
cutted to the pieces which were aged after rolling at temperature
580°C/2 hours, 640 and 680°C during 1 hour. Charpy V
longitudinal specimens and tensile samples 8 mm in diameter
were machined from each plate. Charpy V energy was measured
using 300 J pendulum hammer at temperatures -100, -80, -60, -
40, - 20°C and room temperature. Ductile fracture surface was
estimated from visual observation. The tensile tests were done on
MIT machine at +20°C and low temperature -60°C and at liquid
nitrogen temperature. Dilatometric specimens ¢ 5 mm x 10 mm
length were also prepared. Dilatation curves were obtained by
heating the samples in an argon atmosphere at the rate 10°C/s to
860°C/300s and then cooling at various controlled rates from 0.05
— 80°C/s in Bahr 805 dilatometer. The Ac; and Ac, temperatures
were 812°C and 669°C respectively. Figure 1 shows the CCT
diagram obtained for the present steel.
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The martensite start temperature (Mg) was established as
412°C and martensite finish (Mg) as 280 °C being horizontal up to
time which corresponds to cooling rate 10°C/s. Between 45 to 200
seconds only bainite- martensite transformation were detected.
For lower cooling rates than 2°C/s acicular ferrite bay was
observed above bainitic one. It was established experimentally,
that deformation of austenite in temperatures below 900°C
accelerates ferrite transformation which proceeds bainitic
formation at cooling rates in the range 0.5 — 60°C/s [8]. Thus
thermomechanical working of austenite of HNSMVND steel was
possible during plate rolling. The remaining areas of austenite
after ferrite transformation occurrence were transformed to bainite
—martensite islands during cooling to room temperature. Typical
microstructure of HNSMVND steel after TMCP and air cooling to
room temperature observed with optical microscope at
magnification 500X is shown in Fig.2. The effect of deformation
on elongation of former austenite grains may be seen because
recrystallization stop temperature Try has not been overcame
when austenitizing at 860°C/300s. Influence of micro alloying
with V, Nb and Al was estimated according to equation (1)

Fig.2. Microstructure of acicular ferrite and bainite —martensite
islands of TMCP HN5SMVND steel plate cooled in air. Mag. 500X

Try = 887 + 464C + 6445Nb — 644Nb"? + 732V — 230V"?
+890Ti +363A1 -357Si 1)

Try value 957.65°C is far greater than 860°C thus recrystallization of
austenite during reheating was uncompleted at austenitizing
temperature for dilatometric investigation.

3.Description of achieved
results

3.1. Mechanical properties

After TMCP rolling HNSMVND steel when tested at room
temperature had YS = 730 MPa, TS = 950 MPa, A5 = 22.5%, RA
= 61% while at liquid nitrogen temperature YS = 970 MPa, TS =
1180 MPa, A5 =15.5% and RA = 51%.
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It is obvious that lowering tensile testing temperature will
increase the yield and tensile strength of steel under
investigation and lowers its plasticity. That is not true in the
case of HNSMVND steel. Only reduction of area of round
samples was decreasing with lowering the tensile test
temperature while plasticity As measured in percentage was
increasing to 26% or was on stable level 22% i.e. higher than
that for samples in as rolled state (As in the range 15.5 — 22.5%)
The yield strength and tensile strength of the specimens aged at
680°C/1 hour were lower at — 60°C and -196°C from those
reported for steel in as rolled state. Contrarily ageing at 580 —
640°C was increasing both YS and TS when comparing to as
rolled state samples. So mechanical properties depends on
microstructure conditioning during ageing (tempering) of as
rolled structure of the investigated steel.

The detailed mechanical properties of HNSMVND steel at
room and low temperature -60°C and -196°C are given in table
1 and shown in Figures 3-6.

Table 1.

Low temperature mechanical properties of HNSMVNbD steel
Heat Temp. Re Rm As RA
treatment °C MPa MPa % %
Asrolled +20 730 950 22.5 61

-60 850 1050 18.5 57
-196 970 1180 15.5 51
580°C/2h  +20 800 900 22.5 66
-60 880 1060 24 60
-196 1140 1280 26 55
640°C/1h  +20 700 860 22.5 65
-60 819 1024 24 54.6
-196 1140 1230 26 55
680°C/1h  +20 640 840 22 73
-60 840 970 22 60
-196 960 1060 22 56
1300
MPa TENSILE STRENGTH
1200
1100
1000 —O0— ageing 680°C
— asrolled
900 —o— ageing 580°C/2h
—— ageing 640°C/1h
800
-220 -180 -140 -100 -60 -20 20 60

TEMPERATURE, °C

Fig.3. Tensile strength properties of HNSMVND steel at room-
and low temperatures in as rolled condition and after different
ageing heat treatments: 580°C/2h, 640°C/1h, 680°C/1h

From presented results it may be stated that ageing at
temperature 620 + 20°C during one hour would be the best
condition for highest tensile and plastic properties of HNSMVNb
steel. The lowest YS and TS values were achieved after ageing at
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680°C/1h and elongation was at the stable level As = 22% in the
range +20 to -196°C.
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Fig.4. Yield strength of HNSMVND steel at room- and low
temperatures in as rolled condition and after different ageing heat
treatments: 580°C/2h, 640°C/1h, 680°C/1h
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Fig.5. Elongations As % of HN5SMVND steel tensile specimens at
room- and low temperatures in as rolled condition and after
different ageing heat treatments: 580°C/2h, 640°C/1h, 680°C/1h

80
%
70
60
50
—0— ageing 680°C/1h REDUCTION OF AREA
40 — asrolled
30 —o— ageing 580°C/2h
—— ageing 640°C/1h
20
220 180  -140  -100 -60 20 20 60

TEMPERATURE, °C

Fig.6. Reduction of area of round 8 mm samples of HNSMVNb
steel at room- and low temperatures in as rolled condition and
after different ageing heat treatments: 580°C/2h, 640°C/1h,
680°C/1h
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The Ac, temperature equals 669°C, thus ageing at 680°C was
done just above critical temperature in the ferrite + austenite
range. The newly formed austenite was highly supersaturated with
carbon and alloying elements as manganese [12] and nickel at
680°C. So on fast cooling to room temperature austenite was
partly maintained in sample as remaining austenite in the
microstructure. Austenite is usually softer phase than ferrite thus
mechanical properties of the microstructure consisted of
recrystallised ferrite and islands of austenite and low carbon
bainite-martensite components has lower tensile properties and
highest reduction of area from other tensile specimens.

After ageing at 580°C/2h TS is the highest when testing at
temperatures — 60 and -196°C (Fig.3) and YS has highest values
in the testing range -196 to +20°C (Fig. 4). This situation may be
explained by morphological changes in the structure of the
tempered bainite. We observe precipitation hardening of the only
partially recrystallised ferrite matrix. In some grains

polygonization process of bainitic and martensitic lathes was
observed with the help of transmission electron microscope
Philips 301G. The islands of slightly tempered martensite was
also visible in the microstructure what is shown in figure 7.

Fig.7 Mirostructure of HNSMVND steel after TMCP and ageing
at 580°C/2hours

Fig.8. Microstructure of HNSMVND steel aged 640°C/1h after
TMCP observed with SEM
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The characteristic microstructure at higher tempering
temperature 640°C/1h was observed with the scanning electron
microscope (SEM) Joel 5400 at magnification 2000 X due to very
fine lathes of tempered bainite and some carbides on their grain
boundaries. The areas of recrystallised ferrite was also visible.
That type of microstructure had highest YS at —196°C and
toughness and impact energy in the whole range of testing
temperatures —100°C to 20°C.

Fig.9. Microstructure of HNSMVND steel after ageing at
680°C/1h and fast cooling to room temperature

On cooling from 680°C/1h temperature new low carbon
martensite was formed. Precipitation of carbides around former
austenite grains were seen what is shown in figure 9. This
structure was observed with SEM Joel 5400 on slightly etched
specimens. Broad areas of the recrystallised ferrite and fresh
martensite as well as retained austenite are also visible.

3.2.Charpy V impact toughness
energy tests

The ductile properties after different ageing temperatures of
as rolled plates were established from Charpy V impact tests
performed at 20,-20, -40, -60, -80 and -100°C temperature. The
hammer 300 J energy was applied when striking the Charpy V
specimens.

300
J IMPACT ENERGY
250
200
150
~0— ageing 680°C/1h
100
—+ asrolled
50 —o— ageing 580°C/2h
—&— ageing 640°C/1h
0
-120  -100  -80 -60 -40 -20 0 20 40

TEMPERATURE, °C

Fig.10. Impact energy of breaking of longitudinal Charpy V
specimens at given test temperature of HNSMVND steel after
different state conditions
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Fracture areas were always ductile for each of the three
specimens broken at given testing temperature. Thus only the
average impact energy values were shown in figure 10 at testing
temperature.

In order to fulfill the regulations for brittle fracture steel grade
a Charpy V toughness is tested at — 50 to -80°C. For very thick
plates and higher yield strength grades a tempering process can be
used after the accelerated cooling of thermomechanically rolled
steels. TM- rolled plates with minimum yield strength values of
500 MPa are supplied in thickness up to 100 mm for hydropower,
offshore platforms and special ships [13].

In order to have the highest degree of material redundancy
against brittle fracture, the toughness requirement was defined by
a Charpy V test at — 80°C [14,15]. For civil engineering required
energy KV at — 80°C is 50 J while for military ship application
100 J. So in as rolled TMCP condition HNSMVND steel plates
may be used in civil engineering. For the military applications
ageing (tempering) after rolling is needed. The best toughness
was achieved after 640°C/1h, almost 200 J was determined at
— 80°C. The small lowering of Charpy V energy values after
680 °C/1h beneath those established for ageing 640 °C/1h are a
consequence of transformation of retained austenite highly
saturated with carbon into twinned martensite under high strain
rate and stresses developed during breaking of specimens at low
temperature.

Effect of acicular ferrite (AF) amount and martensite-
austenite islands (M-A) on Charpy V impact strength was
investigated by De Vito for X80 grade steels [16]. The slightly
detrimental influence of M-A islands on toughness was established
in equation (2) for maximum impact strength in [J/cm?].

KCV e = 0.52*AF + 112 exp(- 0.042* M-A) @)

Assuming 15% of M-A islands in acicular ferrite matrix of
HN5MVND steel tested at -80°C the calculated value from above
relationship gives value 103.85 J/cm®? which corresponds to
energy 83J. That value is lower than 120 J determined at -80°C
for steel tempered at 580°C/2h but higher than energy 70 J for as
rolled (TMCP) plate. With first approximation mentioned above
equation may be used to evaluate KCV toughness of the steel.

3.3.STEM investigations

Confirmation of the existence of martensite — austenite islands
was done by chemical analysis of small grainy areas with energy
dispersive spectrometer (EDS) attachment combined to STEM
Philips C20M. The characteristic X- ray intensity was measured
and quantitative calculations of the elements observed within the
island are presented in figure 11. Assuming 10 to 15% of M-A
islands present in the microstructure of steel tempered at
680°C/1h, they contain 0.3333 to 0.50% C and 0.6%Si, 0.3%V,
0.8%Cr, 1.5%Mn and 6.9%N!i. It is possible to estimate local Mg
temperature of such island using relationship (3) given by Mikuta
and Wojnar [17].

Mg = 635,02 — 549,82C — 85,441Mn, - 68,967Si — 18,07Cr —

30,965Ni — 69,301Mo - 6,603V + 420,26Nb + 553,8Ti
— 1746,5B 3)

High strength hot rolled and aged microalloyed 5%Ni steel

The calculated values of Mg temperature depending on carbon
concentrations equals 52°C for 0.333%C or -39.5°C at 0.50%C in
the island. Martensite start temperature below room temperature
allows for retention some amount of austenite which did not
undergo phase transformation on cooling from ageing temperature
680°C. Thus the existence of M-A islands was confirmed by
mathematical calculation. The additional confirmation was done
by electron diffraction in STEM and X-ray measurements of the
content of different elements in retained austenite in samples after
ageing at 680°C/1h (Fig.11) and higher temperatures in alfa +
gamma temperature range [18-22].
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Fig.11. Characteristic X-ray intensities of the elements present in
area of the martensite- austenite island in microstructure of
HN5MVND steel tempered at 680°C/1h after TMCP

Mainly higher concentrations of Ni in the range 6.3- 7.0% and
Mn 1.5-2.5% were observed in retained austenite islands. The
retained austenite undergoes martensite transformation under
stresses and strain during tensile testing increasing the tensile
strength and also uniform elongation as well as total elongation of
the specimens (Fig.5). Transformation induced plasticity (TRIP)
effect was beneficial for ductility of tensile specimens and to the
some extent for impact energy measurements with Charpy V
specimens which were broken below —80°C (Fig.10). On the other
hand ageing at 680°C/1h caused decrease of the values of impact
energy when compared to values measured after 640°C/1h. One
possible explanation is that local micro segregation of chemical
composition of steel leads to formation of stable austenite lathes
during tempering at 640°C. They improve fracture toughness of
steel plates (Fig.10) and give the best elongation properties at
tensile testing even at low temperatures down to liquid nitrogen
temperature (Fig.5).

4.Conclusions

1. The heavy plates of HNSMVND steel may be used for structural
applications in as TMCP condition with mechanical properties
as follows YS >730 MPa, TS > 950MPa, A5 >22% and at —
60°C KV >60 J.

2. For military and civil engineering constructions for severe
applications additional ageing (tempering) after TMCP is needed
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to fulfill requirements of YS above 640MPa and good plasticity
and very good toughness of 100 J at temperature - 80°C.

The best combination of mechanical properties; yield strength
and Charpy V toughness was achieved for steel after TMR
and ageing 580°C/ 2h; YS = 800MPa, TS = 900 MPa, A5 =
22.5%, at -100°C KV i, = 110 7.

From presented results it may be stated that ageing after
TMCP at temperature 620 = 20°C during one hour would be
the best heat treatment for the highest tensile and plastic
properties of HNSMVND steel.

Existence of retained austenite islands in the microstructure of
HNSMVND steel heavy plates aged at 680°C was confirmed.
Transformation induced plasticity (TRIP) effect was observed
in HNSMVND steel after ageing at 680°C/1h and was
beneficial to the ductility of tensile specimens and to some
extent increased the impact energy of Charpy V specimens
which were broken below temperature —80°C.

Acknowledgements

Authors wish express their acknowledgements to prof. Jerzy

Morgiel from Polish Academy of Science Krakow, Poland for
assistance and discussion on retained austenite identification and
characteristic X-ray measurements with EDS of STEM Philips
C20M.

References

(1]
(2]

(3]

C.I. Garcia, A.J. DeArdo, E. Raykin, J.D. Defilippi, Proc.
Int. Symp. on ‘High performance steels for structural
applications’, Clevland, OH, TMS, 1995, 155-160.

M. Mujahid, A. Lis, C.I. Garcia, A.J. Deardo, Structure-
property studies of Cu-containing HSLA 100 steels, Journal
of Materials Engineering Performance 7 (1998) 247-259.

A. Lis, J. Lis, L. Jeziorski, Advanced ultra-low carbon steels
with high toughness, Journal of Materials Processing
Technology, 64 (1997) 255-265.

A. Ghosh, S. Das, S. Chatterjee, Ultrahigh strength hot
rolled microalloyed steel: microstructure and properties,
Materials Science and Technology 21 (2005) no 3, 325-333.
W.M. Garrison, J.L. Maloney, A.L. Wojcieszynski, High
toughness of HY 180 steel, Key Engineering Materials 84-
85 (1993) 282-293.

E.J. Czyrca, Mechanical properties of low-carbon HY 130
steel, Key Engineering Materials 84-85 (1993) 491-520.

A. Lis, L. Jeziorski, J. Lis, The CCT diagrams of ultra low
caron bainitic steels and their impact toughness properties,
Materials Engineering 3 (1998) 273-242. (in Polish and
English)

Research paper |

(%]

[13]
[14]

[15]

[16]

[22]

Volume 18 Issue 1-2 September-0ctober 2006

A K. Lis, J. Lis, Effect of hot deformation and cooling rate
on phase transformations in low carbon bainitic steel,
Proceedings 11™ Int. Sci. Conf. on Contemporary
Achievements in Mechanics, Manufacturing and Materials
Science CAM3S°2005, Gliwice-Zakopane, 2005, 592-596.
J. Lis, A.K. Lis, C. Kolan, Processing and properties of C-
Mn steel with dual- phase microstructure, Proceedings 13™
Int. Sci. Conf. on Achievements in Mechanical and
Materials Engineering AMME’2005, Gliwice-Wista, 2005,
393-398.

A. Lis, W. Glinski, J. Lis, Modelling of microstructure
development for thermomechanical rolling in oty
temperature range, Proc.12™ Int. Sci. Conf. Achievements in
Mechanical and Materials Engineering AMME 2003,
Gliwice- Zakopane, 609-612.

J. Lis, A.K. Lis, C. Kolan, Processing and properties of C-
Mn steel with dual- phase microstructure, Journal of
Materials Processing Technology 162-163 (2005) 350-354.
J.Lis, Microsegregation of manganese in low carbon steels
during intercritical heat treatments, Materials Engineering
No. 7, Scientific Works of Faculty of Processing and
Materials Engineering and Applied Physics, Czgstochowa
University of Technology, Czgstochowa, 2005 ( in Polish).
W. Schiitz, F. Schroter, Materials Science & Engineering 21
(2005) No. 5, 590-596.

F. Schréter, W. Schiitz, Application of heavy plates in civil
engineering, STEEL GRIPS 3 (2005) No. 425-432.

CEN: Eurocode 3 Part 1-10: Selection of Materials for
fracture toughness and through- thickness properties, Draft
December 2001.

De Vito, Recenta developpements technologiques dans la
production de plaques a haute limite d’ elasticite 80 a
Tarente, Rev. Metall. Cit. T 83 (1986) Nr.4 343-348.

J. Mikuta, L. Wojnar, Application of anlytical methods in
determining weldability of steels, Edt. Fotobit, Krakow, 1996.
A K. Lis, J. Lis, Dual-phase ULCB steels thermomechanically
processed, Materials Engineering (InZynieria Materialowa) 123
(2001) No.4, 548-550

J. Lis, A.K. Lis, Structure and mechanical properties of low
carbon bainitic steel after heat treatment from (o+y) range,
Materials Engineering 137 (2003) No.6 329-331 (in Polish)
J. Lis, AK. Lis, Formation of the microstructure of
HNS5MVND steel after rolling annealed in (a+y) temperature
range and fast cooled, Materials Engineering 130 (2002)
n0.5 498-502 (in Polish).

J. Lis, B. Gajda, A. Lis, CCT diagram of HNSMVND steel
after intercritical annealing, Proceedings 12™ Int. Sci. Conf.
AMME’2003, Achievements in Mechanical and Materials
Engineering, Gliwice-Zakopane, 2003, 605-608.

J. Lis, Processing of HSLA-Ni steel by intercritical annealing
after water quenching or thermomechanical rolling, Materials
Engineering, 140 (2004) No.3 159-162.

READING DIRECT: www.journalamme.org



