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Flame straightening of thermomechanically rolled structural steel

Frank Hanus and Ralt Hubo

Shape controf by local heating is otten used in processing of structural steels, Exparience has proven Ihat normalised stesls are suilable
for this operation if it is carried out properly, During the a5t years thermomechanically controiled rotted (TM) stesis have heen developed.
For their applicalion it was necessary 1o investigate the response of this steel type 1o flame straightening. Two essential procassing con-
ditions rmust be considerect: heating limiled to the suface and heating of the full material thickness. The temperatures were varied from
850 10 850 °C by different heat inputs. Tensile and Charpy impact tests have proven thal within this temperature range the investigated
steals (SA55ML -EN10113) were not atfected. For conditions of wedge heating & drop in the mechanical properties was abserved if the
tempaeratures exceeted §50 *C. Both limits 850 °C in ling healing and 650 °C in wedge heating allow an effective shaping of steel con-
structions. Experienced operators can easily respect these limitations. Hence the TM rollad heavy plates are suitable for flame straightering.

Flammrichten thermomechanisch gewalzter Baustihle. Flarnmrichten ist ein Vertahren, das beim Herstelian von Stahlkonstruktionen
hautig angewendet wird. Fir die normalgeglihten Sidhle hat es sich seit langem bewahrt. FOr die in den letzten Jahren antwickelten
thermomechanisch gewalzten Stahie mulits dig Eignung erst nachgewiesen werden. Dia Wirkung unterschiedlicher Flammrichibedingun-
gen auf Gefige, Kerbschlagarbeil und Fesigkeitseigenschalten wurde filr TM-Bleche {S355ML nach EN10113) unlersucht. Abhéngig von
der Vorschubgeschwindigkeit des Brenners wurden Oberflichentemperaluren von 650 bis 850 °C eingeslailt. Beschriankle sich die War-
mewirkung auf die Blechoberfliche (Warmestrich), so blieben dis Eigenschahen im Rahmen diesar Versuchsbedingungen praktisch
erhaiten. Wurde der Blechqguerschnitt durchgreifend {bet 650 °C erwdrmit (WarmeXkeil), was zu einem langsameren Abkiihlen fibn, so
wurde die Streckgrenze vermindert, FUr beide Verfahrensvarianten lassen diese werkstoflbedingten Grenzen sin effektives Richten zu. Sie
kénnen von geschultlem Flammrichtpersonal sicher eingehalten werden. Die Eignung TM-gewalzter Grobblecha fir das Flammrichten kannte
somit nachgewiesen werden.

and ENIOT13 S355ML), 3 plates 15, 50 and 75 mm thick
were taken from the plate production of Diilinger Hiitte

In the fabrication of steel structures flame straightening
is often used in order to adjust the geometry to the dimen-

sional tolerances. Flame straightening (or forming) has
proven its value in many areas of steel processing [1].
Skilled operators can reach extremely close telerances [27.
The process can be used without heavy mechanical equip-
ment which is an important advantage especially for on
site opetation. Many practical hints are given by Pfeiffer
[3] _

Normalized structural steels have not shown particular
problems after flame straightening, so that the process was
generally accepted for simctural steel work, ship building
and for other applications. In the last vears TM steels
have become increasingly used for the same purposes
thanks to their improved weldability [4; 5]. However,
softening was expected for heating TM steels to tem-
peratures exceeding 580 °C, this temperature was set for all
fabrication process including flame straightening [6].

50 low temperatures hardly allow an effective shaping.
Therefere it was of industrial importance for the use of
TM steeis, that higher temperatures are acceptable as
well. The investigation reported hereafter was carried out
in order to prove this.

Experimental procedure

The investigation was carried out on plates of 355 MPa
nominal yieid strength (comresponding to AP 2W Grd 50

GTS, The parent plate tensile properties given in tabe 1
confirm that with TM rolling very lean chemical compositi-
ons, table 2, are sufficient wo meet the requirements even for
important plate thickness. The 15 mm plate represents a
typical S355ML, rolled for structur steelwork. For such pla-
tes a simple TM rolling is sufficient to achieve the require-
ments. For thicker plates accelerated cooling after final
rolling pass is beneficial to ensure an optimised grain re-

Table 1. Mechanical properties of the parent plates

plate thickness, mm 15 50 75
lyield strength, MPa 1440 420 390
tensile strength, MPa  [540 500 1490
lelongation As, % 33 £ 3
CVN (-40°C), J 280 300 Joo

Table 2. Chemical composition of the investigated TM-steels

Dr.-lng. Frank Hanus, manager, Welding Laboratory, Quality Deparn-
ment; Dr.-Ing. Ralf Hubo, head, Marketing Depanment, Aktiengesell-
schaft der Dillinger Hiitle, Dillingen. Germany.

plate chemical composition carbon equiva-
lent

thickness |C i Moo [N INb JCE(IW) [Pem

15 mm 0.10 0.35 142 | 0.02 0.36 0.19

50 mm 0.07 0.30 1.38 0.23 0.02 0.33 10.16

75 mm 0.07 0.30 1.38 0.23 | 0.02 0.33 0.16

SISSML |=0.14 <05 <16  [<0.3 <0.05  [<0.40

SISSML - ENID113-3

CE(ITIW) JC + Mn/6 + (CreMo+ V)5 + (Cu+NiY 15

Pem IC + Si/30 + (Mn+Cu+Cr)/20 + Ni/60 + Mo/15 + V/10 + 5*B
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finement. Plates of relatively high tensiie properties were
selected for the test program as it was expected that such
plates would react most sensitively to softening.

Line heating of test panels. By line heating of thick
plates the thermal field is mosily concentrated close to the
plate surface as schematically shown m figure 1.

As direct measurements of the temperature at the surface
exposed to the flame are not possible, an indirect meas-
urement techntque had to be adopted. The test arrangement
is shown in figure 2. Temperatures were measured by
thermocouples that were introduced frem the bottomn side
and fixed by TIG-welding at about 2 mm sebsurface. It
became obvious from the microstructure that the tempera-
ture was 50-150 °C higher at the very plate surface. How-
ever, in the paper the measured values are referenced as
flame straightening termperatures Tmax.

Line heating was applied {0 a number of test panels cut
from 15 and 30 mm thick plates. A multiflame oxyacety-
lene torch was used. At first a correfation between travel
speed and maximum temperature (Fmas) was established
for constant gas flows [7]. The travel of the torch was
mechanised to ensure constant heat inpuss. The travelling
speed of the torch was then adapted to produce maximum
temperatures of 650, 750, 850 and 50 °C.

For a special set of tests the {lame straightening was re-
peated, affecting the material thtee times with the same
Tnax. For the standard single cycles and the triple cycles
the heated areas cooled by free heat flow. In practice
sometimes water cooling is also applied to force the
straightening effect and to accelerate the operation. Such
conditions were therefore included in the test program as
well. The water shower followed the torch at such a dis-
tance, that the temperature at the point of water cooling
was below 600 °C.

Tensile and impact specimens were machined from the
panels and polished and etched surfaces prepared for met-
allegraphic examination. Full thickness flat tensile speci-
_mens were tested to Jook for the integral behaviour of the
shzped plates. More localised effects of flame straighten-
ing on the mechanical properties were characterised in
testing subsized specimens extracted at the surfaces. These
flat tensile specimens were 3 mm thick for 15 mm plate, 5
mm for 50 mm plate, respectively. The parent plate prop-
erties were tested parallel on specimens of the same type to
allow a direct comparison. For impact tests standard
Charpy specimens were used located subsurface.

Thermal simulation tests. Tests on specimens subjected
to  time-temperature-cycles corresponding to  flame
straightening were tested in order to measure more local
properties. The heat treatment was performed using con-
ductive heating in a (Jleeble equipment. The full cross-
section of the simulated specimens consisted hemo-
geneously of a microstructure corresponding to & particular
area of the heat affected zone.

The following thermal cycles were applied. Heating in 60 s
to maximum temperature, holding time 60 s, cooling ac-
cording to fys cooling time of 20 s. Peak temperatures of
650, 750, 850 and 950 °C were chosen for the thermoal cycles.
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Figure 1. Arrangemant to measure the subsurface temperature by

thermocouples inlrodiced from tha bottom side of the panet
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Figure 2. Typical distribution of temperatuss achieved in line
heating

Single cycle and triple cycles repeating the same thermal
conditions were used. From the simulated bars Charpy
impact and small size tensile specimens were prepared.

Wedge heating. The third part of the investigation dealt
with the conditions of shape control where approximately
the same temperature is reached through the full plate
thickness. Such conditions are typical for wedge heating to
straighten pirders or peint heating for the flattening of
buckles. These procedures generally use softer flames or
waving. The heat spreads in a larger arez, heating and
cooling are much slower compared to line heating and the
steel is exposed longer to peak temperature.

Full thickness heating was simulated by simple fumace
heat treatments. Panels of 15, 50 and 75 mm thickness
were exposed to different temperatures. The holding times
were adapted to the thickness of the plates. 2 min holding
time per mm plate thickness should represent worst case of

MPa
550 - g . g
O
I : m TS
500 2
450 H ! : s
- I E o Y.S
. -
4001

B jull thickness tensile specimen
e O subsurace lensile specimen, 3mm thick
350 /"
R Wy LR =g L SR Pt

base malerial 650 700 750 BOD B50 900 950 100
0

Tmax in °C
Figure 3. Tensile properties of 15 mm thick panels after line heat-
ing
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Table 3. Impact transition temperatures alter line heating

Timiax cooling  [cyvcles 15 mm plate 50 mm plate
C Trsal Triony  |TTeo Tri001
(50 q14 1o 9o |80
750 a1s e 79 fes
850 free 1 -113 -100 - 85 -76
950 [ -118 -112 - 86 -78
850 water - 08 - 94 - 80 -68
950 .99  Los 81 M
BS0 free 3 -116 -110 - 04 -86
waler - 92 - 95 -112 -99

siraightening operations. After removal from the furnace
the panels cooled in still air.

Test resulés

Tensile properties. The influence of different flame
straightening conditions on tensile properties are shown in
figure 3 for the 15 mm plate, respectively in figure 4 for
50 mm panels. Each symbol in the figures represents one
indtvidual test result, so that an inhcrent scatter has to be
accepted. No clear trend can be seen as a function of
maximum temperature from 650 to 950 °C and the level
remained unchanged as the parent plate properties. The
slight differences can rather be attributed to inherent scat-
ter than to metallurgical effects.

It must be noted that the depth of the heat affected zones
was small in relation to the specimen thickness. Therefore
a strong softening would have been necessary to show a
remarkable global softening in testing the full thickness
SpECimEnNS.

In order to get information about more local properties
flat tensile specimens of reduced thickness were tested.
This part of the investigation may be more relevant for
metallurgists than for designers or users of the steels. Con-
sidering the parent plate the properties deterrined subsur-
face were identical to the full thickness specimens. Yield
strength between 420 and 450 MFa were measured for the
15 mm plate, 390 to 420 MPa for the 50 mm plate. This
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Figure 4. Tensile properties alter line heating of the 50 mm thick
panel
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Figurs 5. lmpaclt transition curves for subsurface specimens
machined trom 15 mm panels line heated lo different temperatures

shows that the TM-rolling created a homogeneous fine
grained microstructure across the plate thickness and no
surface hardening was produced by the accelerated cooling
of the 50 mm plate. .

After flame straightening the subsurface yield strength
was slightly raised reaching an average of 450 MPa for all
test conditions. The ultimate tensile strength was also in-
creased by some 40 MPa compared to the values deter-
mined on the full thickness specimens.

Impact toughness, The toughness within the different
zones was characterised by Charpy impact tests. The
specimens were machined from subsurface and onentated
transverse to the plate rolling direction. They were frac-
tured at different temperatures, so that full transition
curves could be established. The curves of the 15 mm
panels in the parent condition and after flame straightening
to different maximum temperatures are shown in figure 5.
The lines within the graph connect the average values each
vepresenting a set of 3 individual tests per series. No sys-
tematic influence of the flame straightening on the impact
toughness could be cbserved. Further results from triple
eycle and water cooling are summarised in table 3 along
with the cotresponding results of the 50 mm panels. In
otder to characterise the transition behaviour the tempera-
tures, for which an impact energy of 50 or 100 J were
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Figure 6. Impact transition temperatures as a function of maxi-
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determined. This was done by using an eye fit average
curve. The transition temperatores (Tts00 and Tri005) con-
firm that excellent impact toughness was obtained for ali
test conditions. This is true not only for the single cycles
but also includes multiple treatments and accelerated
cooling by water shower. A slight shift of the brinle frac-
ture {ransition curve may be interpreted for some of the
curves for specimens which have been subjected 1o inter-
crtical heating (max. temperatures 750-850 *C), 1f any the
difference was below 15 °C. The maost brittle impact series
reached 50 J as low as -79 °C. _

One can therefore conclude that for the thermal condi-
tions of line heating, the low carbon TM-steels were pot
susceptible to embrittlement, figore 6.

Impact test on simolated microstructures. Se far only
impact results were reported where in the specimen HAZ
arcas heated to different temperatures were sampled so that
an integral fracture behaviour of different microstructures
was determined. [nformation about the toughness of indi-
vidual microstructures of the heat affected zone was as-
sessed on thermally simulated specimens,

The impact transition temperatures, hardness results and
tensile propedies from this investigation are summarised in
table 4. The following trends were observed.

The hardness was not significantly changed for any of
the test conditions. The tensie strength was also not al-
tered and the results were within a close range between
533 and 550 MPa. For the 0.2 % yield strength a minimum
was obtained. Due to partial transfermation carbon was
locally enriched during the intercritical heating with a peak
temperature of 850 °C and some ferrite grains were ob-
served for which the grain size (ASTM) had increased
from 10-11 {parent plate) to 9-10. Compared to single
cycles the specimens subjected to triple cycles led to about
30 MPa lower yield strength for all cycles again as a result
of more pronounced carbon segregation. '

Impact trensition temperatures were at an excellent level
for any of the thermal cycles with the worst T730) at -76 °C
(tnple cycle) and exceeded by far the requirements for the
parent material. As for the yield strength the slightly re-
duced toughness can be explained by increased ferrite
grain size and carbon concentration in the areas of the
microstructure that were transformed to austenite at peak
temperature.

Tensile properties/mechanical properties for the con-
ditions of wedge heating. For temperatures commonly
used for PWHT and up to 625 °C no change of properties
was remarked for any of the tested plates. In order to sepa-
rate more distinctively the effects caused by tempering
from those caused by a partial transformation also tem-
peratures of 700 and 720 °C were tested, which is just
below the transformation temperature. It was cbserved that
this treatment effected a globularisation of cementite parti-
cles so that the yield strength was reduced by approxi-
mately 30 MPa.

Figure 7 shows that the yield strength was again low-
ered when higher temperatures were applied. Slower
cooling and hence slower transformation led to & remark-

4

Table 4. Mechanical proparies of simulated microstructures

temperature [cycleslhardness| yield  tensile impact transition
°C HV 10 strength lemperature

MPa 50J 100]
750 I |166 427 534 - 88 - 75
750 3 163 393 533 - 92 - 75
850 1|16l 397 550 -105 -100
850 3 [163 377 [ 548 | 82 - 76
950 1 |169 1432 533 - 76 - 72
950 3 |167 1401 523 - 85 - 80
base material 165 416 537 =117 -108

able increase in ferrite grain size compared to parent mate-
rial. As the cooling rate for air cooling decreased with
increasing plate thickness the 75 mm plate had the lowest
cooling rate, the biggest grains and consequently the low-
est yield strength. For conditions of partial austenjzation a
softening was obtained, which could be attributed to the
formation of selective larger. farrite grains and carbon
segregation. The drop, in Y.5. compared to parent plate
reached about 50 MPa, so that after 750 *C heat treatment
the requirements were hardly fulfilled. Higher tempera-
tures leading to complete transformation again led to
somewhat higher properties, but still below the initial val-
ues, Compared to the behaviour after T, in the intercriti-
cal range carbon distribution was more hormogeneous,
carbon distribution and absence of individual ferrite grains
of excessive size was abtained.

Discussion of test resunits

Depending on plate thickness and operational conditions
different thermal fields, maximum temperztures and cool-
ing speeds are obtained in flame straightening. Very local
high energy input as it is typical for line heating will creats
a thermal field with steep temperature gradients. Under
these conditions the HAZ is limited 1o the subsurface area
and the backside is still cold. When the flame proceeds or
the torch is taken away the heat dissipates quickly into
adjacent cold material. This leads to rapid cooling as it is
known in welding.

yield strength in MPa
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Figure 7, Yield strength after lurmnace heat freatment followed by
air cooling, simulating the conditions of wedge heating
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Crue to the high cooling rates a direct control of actual
maximun temperature at the surface 1s imipossible. The
procedure therefore requires experienced operators, who
are able to control temperature by distinguishing the colour
of the heated spot.

Thanks to the lean chemical composition hardenability
of the TM steels is low. A quickly cooled HAZ con-
sisted of fine grained mainly ferritic microstoucture. The
tensile properiies were not significantly changed despite of
a wide range of applied maximum temperatures. No sof-
tening occurred under any of the test conditions. For some
test conditions a local increzse in yield and tensile strength
was obtained but the effect was limited to the very surface
and only reached some 10 %.

As long as no temperature was reached, that caused ex-
cessive austenite grain growth no local embattlement was
observed. It is known from welding that large austenite
grains are generally limited to areas, which have been
heated to more than 1000 °C. Consequently, 50 °C should
be acceptable still providing a certain safety margin,

When softer flames are used or larger areas heated, e.g.
by waving the torch, it takes longer to reach the required
surface temperature. Whilst heating the heat already has
time to spread deeper into the surrounding material and the
thermal gradient becomes less pronounced. This leads to
retarded cooling when the flame is taken away. At the
same time a more important part of the cross-section may
be affected so that more cattion 15 needed to guarantee full
load bearing capacity of the construction. High speed py-
rometers of appropriate contact thermocouples can be used
to control the temperatures during the operation. The op-
erator should calibrate the procedure on test plates in order
to be able to avoid excessive temperatures. Hardness tests
on the treated surface could be used for quality control in
the final condition.

Slowest and longest hcating cycles are obtained when
the full plate or flange thickness is homogenecusly heated
to temperature. This situation which is typical for wedge
heating, was simulated by fumace heat treatment.

The lowest tensile properties were obtained after a se-
lective anstenizing at 750 °C followed by air cooling. The
yield streagth was Jowered by some 50 MPa. It is worth
notying that the tensile strength was hardly altered. The yield
strength suffered from single large ferrite grains caunsed by
the slow selective transformation, Compared to the applied
furnace heat reatment wedge heating in practice generally
will have faster heating, due to the direct impingement of the
plate surface by the flame. Furthermeore, the time of expo-
sure at high temperatures will normally be much shorter,
Both differences should give critical material properties less
compared to the tests. In considering these critical conditions
of the test conditions the softening of 50 MPa is relatively
small. The parent piate requirements could still be met for the

tested plates. Consequently even atter these critical conditi-
ons it can be expected that after a certain work hardening the
T steels would stand {ull design siress.

To avoid any risk the temperawre for wedge heating
should be restricted to ternperatures clearly below the trans-
formation temperature. Bigher temperatures would at the
same lime reduce the straightening effect,

Conclusion

The tests carried out on steel grade $S353ML have shown
that thermomechanically rolled heavy plates can be flame
straightened without particular difficolties.

In line heating surface temperature of at least 300 °C can
be tolerated without detrimental influence to mechanical
properties. An experienced operator can follow this limit
by controlling the colour of the hat spot directly after re-
moving the flame.

In case of flame straighlening procedures where the full
thickness of the plate is heated and hence slower cooling is
obtained, temperatures should be restricted to 700 °C to
avoid any risk of local softening. If longer holding times
apply the temperature limit should be reduced to 600650
°C. Since hearing and cooling happen much slower for this
techrique the temperature can be reliably controlled by
contact thermocouples, pyrometers or temperature indi-
caling crayons.

The results of the investigation presented in this paper
allow 10 asswme that within zbove process limits the mate-
rials properties are not affected.

TM steels of very high yield strength e.g. S690M may
be more prone to softening [8] or embrittlement by flame
straightening, they may therefore require closer temperature
ranges.

(A Q1477 received: 21. December 1998)

References

[1] Weirich, G.. Der Praktiker (1980} No. 2, p. 61463,

[2] Beyér. M.; 2t al.; Beitrag des Flammrichtens zur Genaufertigung im
Schiffbau, Proc. VS Schweifen und Schneiden “98, DVS Verlag,
Disseldorf, 1998,

f3]1 Pfeiffer. R.: Handbuch der Flammachiechnik, DVS-Verlag,
Diissetdarf, 1996.

[4] Hubo, R.; Hawus, F.: Hansa (1992) Mo, 8, p. 776/78.

[5] Streiftelberwer, A.; Oswold, W.: Bouer, J.; Honus, F.r Slahl w, Eisen
111 (19811 Ne. 5, p. 65773,

f6] SEW 0B3: Schweilgeetgnete Feinkombausidhle, thermomechanisch
umge formi, Verlag Stahlzisen GmbH, Ditsseldorf, 1991,

(7] Hamus, F.: Flammnchten thermomechanisch gewslzier Baustihles,
Proc. V3 Sondertagung Schweilen im Anlagen und Behalierbau
1934, DVS-Verlag, Diisseldorf, | 994,

[8] Qrnig. H.; et al: Berg- u' Hittenm. Monatsh. 138 (1993}, p.
248137,




