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Abstract
The microstructure and mechanical properties of an API 5CT L80 casing grade steel (0.24C 0,4Si 1.4Mn CrNiCu) have been
studied after performing weld thermal simulations (with and without subsequent tempering) applying a thermal cycle weld
simulator. Specimens were subjected to three different peak temperatures (1300 °C, 1150 °C, 950 °C) and five different cooling
rates (1 °C/s, 3 °C/s, 5 °C/s, 10 °C/s, 60 °C/s) through the austenite transformation temperature range. Based on the microstruc-
ture, hardness values, and toughness properties of the simulated specimens, thermal cycles were selected and recommended for
welding of L80 components by the SAG-FW (shielded active gas forge welding) method.

Keywords Forgewelding . L80 casing grade steel . Thermal simulation . Shielded active gas forge welding

1 Introduction

Welding of high carbon equivalent (i.e. >0.53) steels has al-
ways been a challenge in the engineering industry. The strin-
gent requirements for oil and gas applications demand better
processing methods and excellent weld quality for safety and
environment care. After an oil/gas well has been drilled, a pipe
(casing) is inserted into the borehole to support its walls from
caving. Steel tubes for casing applications must have high

tensile strength, internal pressure strength, and collapsing
strength. Commonly used casing grade steels satisfying the
API 5CT specifications are J55, K55, H40, N80-1, N80Q,
and P110. Due to the well conditions and sour environments,
the corrosion resistance of the alloys has also to be considered.
Grades of corrosion-resistant API 5CT steels are L80, C90,
M65, C95, and T95. Due to their high carbon contents (0.2–
0.5 wt% C), these steels have poor weldability by fusion.
Threaded connections are therefore commonly used, but these
may leak if they are deformed when they are expanded
downhole, which is an important reason for selecting forge
welded connectors.

The shielded active gas forge welding (SAG-FW) method
has been developed to weld high carbon steels in a rapid and
efficient way. This method has been tested on several steel
grades like AISI 316, API 5L X65, API 5CT K55, API 5CT
J55, and API 5CT L80 using a laboratory-developed small-
scale forge welding machine [1, 2]. The welding temperature
and cooling rate are two of the most important parameters that
determine the microstructure and mechanical properties of a
weld. Therefore, as an initial screening stage in a successive
development of welding parameters for the SAG-FW process,
one may leave out the forging step and only study the effect of
the welding temperature and cooling rate on the weld proper-
ties. This simplified test procedure can be carried out by ap-
plying a SMITWELD thermal cycle simulator® (TCS) with a
simple specimen geometry, drastically reducing the machin-
ing costs of full SAG-FW simulations. Several authors have
done thermal simulations of carbon steels using either a
SMITWELD simulator [e.g. 3, 4], or a Gleeble1500 simulator
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[5–7]. A comparison of results obtained by TCS with real
welded joints by arc welding is presented in [3]. Of course,
unlike the case of arc welding, microstructures and mechani-
cal properties obtained by TCS do not directly correspond to
those obtained after forge welding since the high temperature
plastic deformation introduced during the latter process results
in recrystallization and grain refinement of the austenite. This
will in turn lead to more refined and probably tougher final
microstructures. Finer austenite grains will also have an influ-
ence on the steel hardenability and the final hardness, the
effect on hardness being dependent on the cooling rate.
However, TCS experiments are still a useful tool in the devel-
opment of thermal parameters for forge welding. Such exper-
iments generate the same variety of microstructures and prop-
erties that would be present in the weld zone after forge
welding, the main differences being caused by the larger prior
austenite grain size during TCS. The forging stage during
forge welding has much of the same effect on the final micro-
structure as a reduction in the peak temperature during TCS.
Moreover, TCS parameters that give acceptable toughness
values should in most cases give acceptable toughness prop-
erties after forge welding since the forging stage results in
refined microstructures. Fulfilment of the hardness require-
ments on the weld needs, however, closer consideration.

In this investigation, a casing grade API 5CT L80 steel has
been subjected to different thermal cycles in a thermal cycle
simulator (TCS). Based on the observed microstructures,
hardness values, and Charpy-V impact strength values, a se-
ries of thermal cycles have been suggested for welding by the
small-scale forge welding (SSFW) method.

2 Experimental details

The tube steel subjected to experiments in this study was an
API 5CT L80 (min. yield strength 80 ksi/550 MPa) casing

grade steel containing 0.24% C produced by OAO Volzhsky
Pipe Plant, Volgograd, Russia. The actual chemical composi-
tion and mechanical properties of L80 are given in Table 1,
which also includes three transformation temperatures that
were calculated from the equations given in the table. A hot
rolled L80 pipe was received as a large diameter pipe with
nominal wall thickness 11 mm and outer diameter 244 mm
with a microstructure of temperedmartensite (Fig. 1). Thermal
simulation samples with dimensions 100 × 10 × 5 mm3 were
machined from the pipe wall with the 100 mm dimension
along the longitudinal direction of the pipe and the 10 mm
dimension along the radial direction of the pipe. The samples
were machined with a ground surface finish. All thermal weld
simulations were carried out using a SMITWELD Thermal
Cycle Simulator® (TCS) 1405. The SMITWELD simulator
is standard equipment, and the experimental setup is not in-
cluded here. A detailed sketch is, however, presented in Ref.
[4]. The thermal simulation specimens are clamped between
two water-cooled jaws, and the specimen cross section re-
quired for heating is 11×11 mm2 to have electrical contact
with the jaws. Copper spacers were used in the case of the
10×5 mm2 steel specimens to obtain electrical contact be-
tween the jaws and the specimens. A K-type Chromel-
Alumel thermocouple was spot welded on to the specimen
surface, halfway between the jaws, to continuously record
the temperature and store it in the system software. The jaws
were cooled by water circulation. The distance between the
jaws influences the maximum and minimum limits of heating
rate and cooling rate. Smaller distance between the jaws gives
a higher cooling rate. The distance between the jaws used to
achieve 10 °C/sand 60 °C/s cooling rates was 10.5 mm. A
distance of 14.5 mm was used for 1 °C/s, 3 °C/s, and 5 °C/s
cooling rates. A dilatometer was positioned across the large
thickness direction to record maximum dimension changes.

In this study, three different welding (or peak) tempera-
tures, 1300 °C, 1150 °C, and 950 °C, were chosen based on
relevant temperatures for shielded active gas forge welding. A

Table 1 Material chemistry, mechanical properties, and calculated transformation temperatures of as received steel

Element C Si Mn P S Cr Ni Cu Al Mo V Fe

Wt% 0.24 0.4 1.37 0.01 0.005 0.14 0.14 0.2 0.01 0.02 0.005 Bal.

Material properties

Toughness (J) 0 °C 143

Hardness (HV10) 232

Ac3 temperature (°C) 827

Bs (°C) 625

Ms (°C) 392

Ac3(°C) = 910-203(wt%C)1/2 - 15.2 (wt%Ni) + 44.7 (wt%Si) + 104 (wt%V) + 31.5 (wt%Mo) + 13.1(wt%W) [8]

Bs(°C) = 830-270C-90Mn-37Ni-70Cr-83Mo [9]

Ms(°C) = 539-423(wt%C) - 30.4(wt%Mn) - 17.7(wt%Ni) -12.1(wt%Cr) -7.5(%wtMo) [8]
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constant heating time of 8 s was used in all cases to achieve the
peak temperature. The heating rate was gradually reduced
when the temperature approached the peak temperature.
Immediately after reaching the peak temperature, all speci-
mens were cooled as quickly as possible (60 °C/s) down to
920 °C. From 920 °C, five different controlled cooling (CC)
rates, i.e. 1 °C/s, 3 °C/s, 5 °C/s, 10 °C/s, and 60 °C/s (the
highest obtainable), were chosen for further cooling down to
room temperature (see Fig. 2). The cooling time between 800
and 500 °C, Δt8/5, corresponding to each individual cooling
rate has been given in the figure. The simulated temperature
cycles correspond closely to those of the actual SAG-FW
process in which efforts have beenmade to implement various
ways of controlling the cooling rate after welding. A cooling
rate of 60 °C/s corresponds to quenching the weld by water. A
cooling rate of 1 °C/s corresponds to very slow cooling with
some heat provided by an induction heating coil positioned
close to the weld. Intermediate cooling rates can be obtained
from natural cooling due to heat conduction as well as con-
vection and radiation to the surrounding air. The natural
cooling rate depends on the temperature distribution after
forging. This distribution will always be very non-uniform

to allow for localized deformation. The rapid cooling down
to 920 °C is also characteristic for the SAG-FW process be-
cause a high temperature gradient causes the temperature to
drop very fast in the beginning before a coil can be introduced
for slower cooling. This initial temperature reduction is bene-
ficial for limiting austenite grain growth.

Two specimens A and B were produced for each controlled
cooling rate condition, and specimen B of each couple was, after
the temperature cycle, tempered in the TCSmachine at 680 °C for
1 s. The heating time to 680 °C was 4.55 s (reduced heating rate
from 620 °C), and the post tempering cooling rate was 60 °C/s.
During the tempering cycle, a jaw distance of 9.5mmwas applied
to ensure maximum heating and cooling rates. The detailed exper-
imental conditions are listed in Table 2, and they provided a wide
range of microstructures and mechanical properties within a
10.5 mm wide uniform heat affected zone for further testing and
evaluation of SSFW parameters. The tempering temperature was
selected based on previous results obtained from SSFW and TCS
simulations on L80 [10]. In that work, a holding time of 1 s at 680
°C proved to be sufficient to temper the hard microstructures that
form in this steel. For simplicity, the experimental heat cycles will
in the following text and throughout the paper be defined by
referring only to the peak temperature and the controlled cooling
rate below 920 °C. For instance, the phrase “cooled from peak
temperature 1300 °C at a rate of 5 °C/s”means that the specimen
was first cooled at a rate of 60 °C/s from 1300 °C down to 920 °C
and then at a rate of 5 °C/s further down to room temperature. An
individual specimen will either be identified by its specimen ID
given in Table 2 (e.g. A3) or, when it is more convenient, by a
notation including the peak temperature followed by the cooling
rate below 920 °C in brackets, e.g. “specimen 1300(5)”.

Dilatometer curves were plotted and analysed to identify the
phase transformations. The specimensweremarkedwith a perma-
nent marker at the position of the thermocouple at the specimen
surface. The marker was used to machine a V-notch exactly at the
location of the peak temperature during the simulation. For each

Fig. 1 The tempered martensitic microstructure of the as received steel
pipe

Fig. 2 Input parameters for
controlled cooling cycles for the
1300°C peak temperature
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thermal cycle, three specimenswere subjected toCharpy-V impact
testing at 0 °C, as required byAPI 5CT (oil well applications) [11].
Half-size impact test specimens were machined with dimensions
55×10×5 mm3, as per the ASTM E23 standard [12], with the
middle of the heat affected zone located at the middle of the
specimen length. The 10-mm-long V-notch was machined with
a root radius of 0.25 mm. The observed toughness values were
divided by 0.55 to get full size Charpy toughness values [12]. The
impact testing was performed by using a Zwick Charpy-V pendu-
lum impact tester RKD 450D. Hardness measurements were done
in the middle of the weld simulated region (peak temperature)
using a Vickers hardness testing machine with 10 kg weight. A
total of 5 measurements were taken in each simulated region. The
specimens were mechanically polished and etched with 2% Nital
solution for optical microscopy observations.Microstructural stud-
ies were executed in a Leica MEF4M light microscope with a
Jenoptik ProgRes C10 plus digital camera by using normal bright
field illumination. Image Access Easy Lab software was used to
capture the pictures digitally. Fracture surface analysis was carried
out using a ZEISS Ultra SEM. Fracture modes and percentage of
shear fracture were determined. The SEM was operated at an
acceleration voltage of 20 kV.

3 Results

3.1 Microstructures

Microstructures of the samples heated to a peak temperature
of 1300 °C and cooled at different cooling rates are given in
Fig. 3. The slowest cooling rate of 1 °C/s had resulted in the

transformation of austenite to ferrite (F) and pearlite (P)
(Fig. 3 A1). Two types of ferrite had formed, i.e. grain
boundary ferrite (GF) at previous austenite grain bound-
aries (PAGB) and Widmanstätten ferrite (WF) within
the previous austenite grains, where also the pearlite
was located. Large pearlite colonies were occasionally
located close to the grain boundary ferrite, but mostly
the microstructure consisted of a fine mixture of pearlite
and Widmanstätten ferrite plates/needles.

The microstructure for a cooling rate of 3 °C/s is presented
in Fig. 3A2. A mixture of ferrite, pearlite (P), and martensite
(M) was obtained for this cooling condition. Grain boundary
ferrite (GF) is observed at PAGBs. A large fraction of
Widmanstätten ferrite (WF) is also present mixed up with a
coarse pearlite structure. In addition, a small fraction of mar-
tensite phase is present.

The microstructure of the 5 °C/s specimen is presented in
Fig. 3A3. A mixed microstructure of grain boundary ferrite,
Widmanstätten ferrite, and martensite can be observed. The
martensite fraction has increased from the one formed at the
lower cooling rate 3 °C/s (Fig. 3A2).

The microstructure of the 10 °C/s specimen is presented in
Fig. 3A4. This relatively high cooling rate produced a mixture
of martensite and bainite (B). Bainite was located both at
previous austenite grain boundaries and within the previous
austenite grains, while martensite had mainly formed within
the austenite grains. The observed martensite fraction was
higher than in the specimen cooled at 5 °C/s. The microstruc-
ture of the 60 °C/s specimen is presented in Fig. 3A5. A
martensitic microstructure with a small fraction of bainite
was observed in this specimen.

Table 2 Experimental heating
cycles performed in the Smitweld
TCS machine. The cooling rates
refer to controlled cooling below
920 °C. From the peak
temperature and down to 920 °C,
the specimens were cooled at the
highest obtainable rate (60 °C/s)

Specimen
ID

Peak
temperature
[°C]

Cooling
rate
[°C/s]

Specimen
ID

Peak
temperature
[°C]

Cooling
rate
[°C/s]

Tempering

A1 1300 1 B1 1300 1 680°C for 1 s
A2 1300 3 B2 1300 3

A3 1300 5 B3 1300 5

A4 1300 10 B4 1300 10

A5 1300 60 B5 1300 60

A6 1150 1 B6 1150 1

A7 1150 3 B7 1150 3

A8 1150 5 B8 1150 5

A9 1150 10 B9 1150 10

A10 1150 60 B10 1150 60

A11 950 1 B11 950 1

A12 950 3 B12 950 3

A13 950 5 B13 950 5

A14 950 10 B14 950 10

A15 950 60 B15 950 60
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The microstructures of the specimens heated to 1150 °C
were similar to the microstructures presented in Fig. 3 for
specimens A1–A5. The peak temperature 1150 °C gave a
smaller prior austenite grain size resulting in more refined
microstructures, but otherwise, there were no significant dif-
ferences in the microstructures in the two cases.

Microstructures of the specimens heat treated to a
peak temperature of 950 °C are presented in Fig.
4A11–A15. All these specimens contained ferrite, and
for the three lowest cooling rates, a well-defined mix-
ture of more or less polygonal ferrite and pearlite had
formed. The polygonal ferrite grain size decreased with
increasing cooling rate, being typically 8 μm (A11) and
3–6 μm (A12 and A13). The polygonal grains were
mixed up with a number of irregularly shaped ferrite
grains, the smallest of those grains were probably sub-
grains. The size of the pearlite colonies decreased with
increasing cooling rate. In specimen A13, 2–3 μm large
martensite islands were occasionally observed in addi-
tion to the ferrite and pearlite. In the specimen cooled at
10 °C/s (A14), the ferrite microstructure appeared rather
chaotic, with a grain size varying between 0.5 (sub-
grains) and 5 μm. Especially, the smallest grains were

very irregular in shape, some were needle-shaped, and
the microstructure resembled that of acicular ferrite.
Small colonies of pearlite (dark grey in Fig. 4A14) were
mixed up with the ferrite, and as in specimen A13,
martensite islands, up to 6 μm in size, were present.
The microstructure of specimen A15, cooled at the
highest cooling rate from 950 °C, was even more com-
plex and consisted of about 40 volume-% martensite
islands, up to 15 μm in size, surrounded by a complex
mixture of sub-micron globular and needle-shaped fer-
rite (sub-)grains.

It might also be mentioned that, within the ferrite grains in
specimens A11–A14, a number of sub-micron particles, prob-
ably carbides, were present (easily discernible in Fig. 4A12).
Occasional and possible carbides (mostly sub-micron, but in
rare cases up to 2 μm in size) were also observed in some of
the other microstructures, e.g. close to Widmanstätten ferrite
in Fig. 3A3. However, in all those cases, the size and distri-
bution of these particles were not of a character that should
have a decisive influence on the properties of the heat affected
zone, and no evident effect of them could be discerned during
the mechanical testing (Section 3.3). They are therefore not
mentioned in the further text.

Fig. 3 Microstructures of
specimens cooled from 1300 °C,
(A1) 1 °C/s, (A2) 3 °C/s, (A3) 5
°C/s, (A4) 10 °C/s, (A5) 60 °C/s

1987Weld World (2021) 65:1983–1995



3.2 Phase transformation behaviour

The changes in the specimen thickness dimension during
heating and cooling were measured and recorded by a dila-
tometer. As an example of how phase transformation temper-
atures were extracted from these measurements, Fig. 5 shows
the dilatometer curves recorded for specimen 1300(1) (speci-
men A1) and 1300(60) (specimen A5) during heating and
cooling (8 s heating time to peak temperature, i.e. an average
heating rate of 160 °C/s). It clearly shows the Ac1 temperature
during heating and the phase transformations during cooling.
The phase transformation start temperature is identified by the
deviation from linearity in the cooling part of the curve.
Table 3 gives the temperatures at which the transformation
of the austenite started, Ts, and ended, Tf, in all specimens
cooled from 1300 °C. (Note that only the Ts temperature of
the phase that nucleated first is given in the table.) The highest
Ts temperatures, 690–600 °C, indicates the start of transfor-
mation to ferritic microstructures (GBF, WF, P, B), while the
lowest temperature 370 °C indicates the start of martensite
formation (in the specimen cooled at 60 °C/s). The fraction
of bainite in the latter specimen was too low to give a plateau
in the dilatometer curve. Ferritic transformation was observed

at the lowest cooling rates 1–5 °C/s for all peak temperatures.
For specimens that produced sufficient amounts of fer-
ritic constituents in addition to martensite, two plateaus
were present on the dilatometer curves. The martensite
transformation start temperature was measured to be be-
tween 350 and 390 °C.

3.3 Hardness and toughness properties

The minimum specified tensile strength and maximum hard-
ness of the L80 steel (base material) are according to API 5CT
[11] 655 MPa and 254 HV, respectively. The minimum weld
hardness to match the base material tensile strength would be
204 HV according to Ref. [13] which gives equivalent hard-
ness and tensile strength values. Hardness values be-
tween 254 and 204 HV are thus required within the
heat affected zone (HAZ) of welded L80 steel. In addi-
tion, a minimum HAZ toughness value of 27 J at 0 °C
is required according to API 5CT [11].

The dependence of hardness on peak temperature and
cooling rate is given in Table 4 and Fig. 6. On the whole,
the hardness increased with increasing peak temperature and
cooling rate, although a few individual values deviated from

Fig. 4 Microstructures of
specimens cooled from 950°C,
(A11) 1 °C/s, (A12) 3 °C/s, (A13)
5 °C/s, (A14) 10 °C/s, (A15) 60
°C/s
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this general trend. For the highest cooling rate, the weld sim-
ulated hardness was much higher for the two highest peak
temperatures than for the peak temperature 950 °C, which
would be expected from the amounts of martensite formed
in the specimens. As expected, the slowest cooling rate 1
°C/s produced for all peak temperatures the softest microstruc-
ture, ferrite (F/GF/WF), and pearlite.

Only the specimen cooled at a rate of 1 °C/s from peak
temperature 950 °C had a hardness value below the minimum
required hardness value of 204 HV. For peak temperature
1300 °C, cooling rates higher than 3 °C/s produced hardness
values higher than the maximum limit 254 HV. The speci-
mens cooled from 1150 °C at rates of 1 °C/s and 3 °C/s had
hardness levels within acceptable limits.

Table 4 and Fig. 7 give hardness values measured after the
tempering cycle. Tempering was carried out at 680 °C with 1-
s holding time. On the whole, the hardness was reduced after

the tempering. However, the tempering gave only a small
hardness reduction for most of the specimens that had been
heated to a peak temperature of 950 °C due to the low contents
or absence of martensite in these specimens. An exception
was the TP=950 °C specimen that had been cooled at 60 °C/
s and which contained a fair amount of martensite. In fact, the
tempering effect increased with the amount of martensite pres-
ent in the specimens. Nevertheless, the tempering effect on the
specimens heated to 1150 °C and 1300 °C and cooled at 60
°C/s was not strong enough to reduce their hardness to an
acceptable level. After tempering, all specimens except
950(1), 1150(10), 1150(60), and 1300(60) satisfied the API
hardness requirements.

Impact full size toughness values as a function of cooling
rate for the three different peak temperatures are given in
Table 4 and in Fig. 8 for the untempered A-specimens and
in Fig. 9 for the tempered B-specimens. The required mini-
mum toughness value 27 J is given by the horizontal lines in
Fig. 8 and Fig. 9.

For all peak temperatures, the untempered weld sim-
ulated toughness decreased with increasing cooling rate
up to 10 °C/s, and for these low and medium cooling
rates, the TP=950 °C specimens had toughness values
that were well above those of the TP=1150 °C and
TP=1300 °C specimens. For peak temperature 950 °C,
the untempered toughness continued to drop with in-
creasing cooling rate, while the untempered toughness
of the specimens that had been heated to 1150 °C and
1300 °C increased when the cooling rate increased from
10 to 60 °C/s. All untempered TP=950 °C specimens
except the ones that were cooled at 60 °C/s satisfied
the API 5CT requirement of 27 J, while this was not
the case for the TP=1300 °C specimens. Among the
untempered TP=1150 °C specimens, only those cooled
at the medium cooling rates 5 °C/s and 10 °C/s failed
to meet the toughness requirement.

All specimens showed increased toughness after the
tempering treatment, so all tempered specimens satisfied
the acceptance criterion (see Fig. 9). For all cooling
rates, the tempered specimens originally cooled from
950 °C had a higher toughness than the tempered spec-
imens originally cooled from the other two peak tem-
peratures. For all three peak temperatures, the tempering
introduced a large increase in toughness for the speci-
mens that were cooled at a rate of 10 °C/s or higher.
For example, for the specimens that had been cooled at
60 °C/s from 950 °C, the toughness value increased by
a factor of 10 upon tempering, from 18 to 180 J.

Figure 10 shows fracture surfaces of specimens 1300(1)
and 1300(60). Cleavage facets are observed in specimen that
had been cooled at a cooling rate of 1 °C/s. The fracture
surface of specimen 1300(60) had a dimpled appearance,
which indicates ductile fracture.

Fig. 5 Dilatometer curves of specimens A1 and A5, heated to 1300 °C
and cooled at 60 °C/s down to 920 °C and at 1 °C/s and 60 °C/s,
respectively, from 920 °C (The dilatation axis has no scale since the
graphs are vertically displaced relative to each other so that they easily
can be separated.)

Table 3 Transformation start and finish temperatures during cooling of
specimens heated to 1300 °C at 160 °C/s and cooled at 60 °C/s down to
920 °C and at different rates below 920 °C

Cooling rate
from 920 °C
[°C/s]

Transformation
start temperature
TS [°C]

Transformation
finish temperature
Tf [°C]

1 690 485

3 650 420

5 610 300

10 600 250

60 370 250
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4 Discussion

4.1 Hardness and toughness as a function of peak
temperature and cooling rate

The peak temperature and the cooling rate from the fully aus-
tenitic state determine the final microstructure, which in turn
determines the mechanical properties of the material.
Especially for carbon steels, the selection of cooling rate is
vital for achieving a desired microstructure. Coarse austenite
grains formed during heating to 1300 °C and 1150 °C peak
temperatures, resulting in coarsemicrostructures after cooling.
Figure 5 presents dilatometer curves for two different cooling
rates from 1300 °C, indicating two different phase formation

sequences. There is a clear indication of a martensite transfor-
mation at temperatures between 390 and 350 °C for specimen
1300(60). For specimen 1300(1), the phase transformation to
Widmanstätten ferrite and pearlite occurred in the temperature
range ~670–550 °C. On the other hand, the corresponding
dilatometer curve for specimen 950(1) (not shown) indicated
growth of polygonal ferrite/pearlite at higher transformation
temperatures, resulting in a hardness value of 197 HV that is
below what is required.

The range of microstructures present in the middle of the
untempered heat affected zone is reflected in the hardness
plots in Fig. 6. For all three peak temperatures, the hardness
of the final microstructure more or less increased with increas-
ing cooling rate due to the formation of bainite and martensite

Table 4 Hardness and toughness
as a function of peak temperature
and cooling rate, untempered and
tempered (1 s at 680 °C)
condition. Cooling rate refers to
cooling rate below 920 °C

TP
[°C]

Cooling
rate

[°C/s]

Hardness
[HV10]

Toughness

[J]

Tempered hardness
[HV10]

Tempered
toughness

[J]

1300 1 223 27 213 30

1300 3 253 16 228 42

1300 5 270 14 237 54

1300 10 370 8 274 84

1300 60 483 73 288 109

1150 1 202 67 222 65

1150 3 233 34 219 54

1150 5 261 25 230 67

1150 10 324 14 256 103

1150 60 503 80 303 134

950 1 197 164 195 158

950 3 233 147 204 167

950 5 215 89 207 154

950 10 217 77 208 156

950 60 309 18 250 181

Fig. 6 Hardness as a function of
peak temperature and cooling
rate, untempered condition
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(for TP = 950 °C, some martensite formed at the highest
cooling rate). The two highest peak temperatures 1150 °C
and 1300 °C gave very similar hardness values, and for the
three highest cooling rates, the hardness values obtained for
these peak temperatures were higher than those obtained for a
peak temperature of 950 °C. This is due to the heavy austenite
grain growth that generally occurs at high temperatures, lead-
ing to low temperature formation of hard and similar micro-
structures (bainite, martensite) during medium fast and rapid
cooling. Due to a finer austenite grain size and formation of
higher fractions of softer (more stable) phases, the hardness
values obtained for TP = 1150 °C are lower than those obtain-
ed for TP = 1300 °C, except for the highest cooling rate 60 °C
that produced fully martensitic microstructures. A plausible
reason for this exception is that the finer austenite of the
1150 °C specimen produced a finer martensite during cooling,
resulting in a higher hardness due to a larger boundary area.
Annealing at 950 °C, however, produced a fine-grained aus-
tenite that during cooling transformed to softer ferritic

microstructures mixed up with a high fraction of martensite
during cooling at 60 °C/s, resulting in a higher hardness for
that cooling rate

Tempering reduced the hardness of all specimens (Fig. 7),
and the reduction was largest for the specimens that contained
much martensite. However, the hardness reduction was not
large enough to bring the samples that contained most mar-
tensite (specimens 1300(60), 1300(10), 1150(60), 1150(10),
950(60)) well below the maximum hardness limit of 254 HV.

Figure 8 shows that, in most cases, the toughness of the
untempered heat affected zone decreased with increasing
cooling rate. The general reason for such a trend is the forma-
tion of more brittle microstructure constituents (WF, P, B, M)
with increasing cooling rate. Exceptions from this general
trend occurred for the highest cooling rate combined with
the two highest peak temperatures, which resulted in the
highest toughness values for these peak temperatures. The
reason for this could be that almost exclusively martensite
was formed at these two conditions, while the corresponding

Fig. 7 Hardness as a function of
peak temperature and cooling rate
after tempering for 1 s at 680 °C

Fig. 8 Impact toughness at 0 °C
as a function of peak temperature
and cooling rate, untempered
condition
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specimens cooled at lower cooling rates contained constitu-
ents like upper bainite andWidmanstätten ferrite. It seems that
the latter constituents, containing aligned carbide particles or
pearlite along lath/needle boundaries, in the present case are
more brittle than plain martensite formed from austenite grain
boundaries. In addition, some self-tempering may have oc-
curred in the martensite below the Ms temperature 392 °C,
giving a positive contribution to the toughness. This is known
to take place in steels of much lower carbon contents, but they
have, of course, a higher martensite transformation tempera-
ture. The fracture surface of the TP =1300 °C specimen cooled
at the lowest cooling rate contained cleavage facets, whereas
the fracture surface of the corresponding specimen cooled at
the highest cooling rate contained dimples (Fig. 10). This is a
good illustration of the toughness difference between a mar-
tensitic specimen and a specimen containing coarse
Widmanstätten ferrite and pearlite in the present steel.
Satisfactory mechanical properties after isothermal transfor-
mation below the Ms temperature have been reported earlier
(see e.g. Ref. [14]).

Since fine austenite grains result in fine-grained ferrite mi-
crostructures, the toughness of the specimens heated to 950 °C
was in general higher than the toughness obtained for the two
other peak temperatures, except for the highest cooling rate 60

°C/s which produced a brittle structure in the TP = 950 °C
specimen. Possibly, the martensite is more brittle in this spec-
imen than in the other specimens. Figure 4A15 shows that the
microstructure of the TP = 950 °C specimen consists of mar-
tensite surrounded by a very fine-grained ferrite (probably sub
grains) mixed up with some pearlite. During cooling of this
specimen, the austenite transformation has obviously started
by the nucleation of fine-grained polygonal ferrite on fine-
grained austenite grain boundaries. As the ferrite grew into
the austenite grains, carbon might have been pushed ahead
of the growth front, enriching the austenite on carbon. At the
upper transformation temperatures, this resulted in the nucle-
ation of some pearlite. But as the temperature decreased, the
pearlite growth probably stopped, and finally the carbon
enriched austenite in the middle of the small austenite grains
transformed to martensite that was more carbon rich and brit-
tle than the martensite formed during cooling from higher
peak temperatures, which produced much larger austenite
grains (and longer diffusion distances).

Tempering at 680 °C increased the toughness of most spec-
imens, especially of those which contained much martensite,
and all tempered specimens satisfied the minimum toughness
criterion. For the TP = 950 °C specimens, the tempering had a
relatively strong effect on the toughness of the specimens that

Fig. 9 Impact toughness at 0 °C
as a function of peak temperature
and cooling rate after tempering
for 1 s at 680 °C

Fig. 10 Fracture surfaces of
specimens cooled from 1300 °C
peak temperature at rates of a 1
°C/s and b 60 °C/s
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had been cooled at the three highest cooling rates and may be
stronger than what would be predicted from the hardness re-
ductions. Obviously, most of the toughness increase of the
specimen cooled at 60 °C/s is due to tempering of a high
fraction of martensite. In the specimens cooled at 5 °C/s and
10 °C/s; however, the martensite contents was probably too
low to explain the toughness increase alone, although the 10
°C/s specimen contained some large martensite islands. But in
addition to martensite, these specimens contained small pearl-
ite colonies, probably formed at fairly low temperatures and
probably containing thin carbide plates with sharp edges that
could be detrimental to the toughness. The tempering at high
temperature may have rounded off these sharp edges and by
that increased the toughness of the steel (without affecting its
hardness).

4.2 Selection of thermal cycles for SAG-FW

An important intent of this study is to acquire a set of data
from TCS experiments that can give guidance on parameter
selections for SAG forge welding of an L80 casing grade steel.
For this purpose, it is necessary to do an evaluation of how
plastic deformation will alter the graphs for the mechanical
properties in Figs. 6, 7, 8, and 9. SAG-FW is a solid state
welding process in which mating surfaces are heated by resis-
tance or induction heating before being forged together. The
plastic deformation introduced by forging during the SAG-
FW process will cause a refinement of the austenite micro-
structure through either recrystallization or recovery, depend-
ing on the deformation temperature, resulting in a reduction in
the austenite grain size and/or formation of sub grains within
the austenite grains, both of which will in most cases favour
transformation to finer and tougher microstructures at the ex-
pense of brittle coarse-grained microstructures containing
large ferrite/pearlite grains/colonies, Widmanstätten ferrite,
bainite, and/or martensite. The forging stage should therefore
shift most of the toughness values in Figs. 8 and 9 upwards.
Exceptions would occur if the softening reactions result in an
austenite grain size of the same magnitude as that obtained in
the present TCS specimens heated to 950 °C. If that happens,
very rapid cooling may produce a brittle microstructure (Fig.
4A15) after cooling to room temperature.

In previous works on L80 casing grade steel, quenching of
TCS specimens heated to 1150 °C resulted in a prior austenite
grain size of 35μm [10, 15], and forge welding at 1300 °C in a
small-scale SAG-FW machine gave a prior austenite grain
size of 45 μm [2]; i.e. the recrystallization following the plas-
tic deformation nearly halved the austenite grain size obtained
at 1300 °C in the present work (80 μm). Thus, for a welding
temperature of 1300 °C, the forging stage reduces the austen-
ite grain size to a value that is well above the austenite grain
size of TCS specimens heated to 1150 °C. Most probably
therefore, forging at peak temperature 1300 °C will increase

the toughness to values that are below the values given by the
1150 °C graphs in Figs. 8–9. Thermal cycles to a peak tem-
perature of 1300 °C and cooling rates of 3, 5, and 10 °C/s are
therefore still doubtful for forge welding of the L80 grade
steel, unless a post weld heat treatment is carried out.

Also for a peak temperature of 1150 °C, forging will reduce
the austenite grain size, but, of course, the true value is impos-
sible to guess. If recrystallization nearly halves the grain size,
as is the case for TP = 1300 °C, the value would be somewhere
near 20 μm. It is not believed that the austenite grain size will
become as low as 10–15 μm which from Fig. 4A11 is esti-
mated to be the prior austenite grain size for TP = 950 °C
during TCS. (Grain growth of recrystallized grains would
probably prevent that.) If an austenite grain size based on these
assumptions is assumed, the toughness graphs in Fig. 8 indi-
cate that the cooling rates 1, 3, 5 °C/s, and may be 10 °C/s,
probably will result in acceptable toughness after forge
welding at 1150 °C. However, a cooling rate of 60 °C/s is
questionable due to the risk of formation of brittle martensite
if the prior austenite grain size becomes too low. If tempering
is applied, all cooling rates for peak temperature 1150 °C
should give acceptable toughness (cf. Fig. 9).

For the lowest peak temperature 950 °C, only TCS speci-
mens cooled at 60 °C/s failed to meet the toughness criterion
unless tempering was done. At this temperature, deformation
induced recrystallization may not occur or may not be com-
pleted, especially for the highest cooling rates which reduce
the time and temperature for recrystallization. However, also
recovery and/or deformation structures within the deformed
austenite will increase the nucleation of ferrite grains, and this
may reduce the amount of brittle martensite that caused the
low toughness of the TCS specimen A15 (cf. Fig. 4A15).
However, whether a forging stage will increase the toughness
of welds processed at 950 °C and cooled at 60 °C/s above the
critical lower limit is still questionable, unless post weld tem-
pering is performed (cf. Fig. 9).

How plastic deformation at the peak temperature will affect
the hardness graphs is more difficult to foresee since austenite
grain refinement will have both a positive and a negative ef-
fect on the final hardness. In Fig. 6, forging will possibly shift
the graph for TP = 1300 °C towards the position of the 1150
°C graph in the diagram since similar microstructures were
formed for those peak temperatures during the TCS simula-
tions. Therefore, forge welding at 1300 °C combined with
cooling rates 5, 10, and 60 °C/s will probably produce too
hard welds. From Fig. 7 (and assuming that the forging step
will cause the 1300 °C graph to approach the 1150 °C graph in
the diagram), it is seen that a tempering of 1 s at 680 °C will
not reduce the 1300 °C forge welded hardness to acceptable
values for the cooling rates 10 and 60 °C/s, but that a cooling
rate of 5 °C/s probably is a possible choice if tempering is
carried out. In addition, for TP = 1300 °C, the cooling rates
1 and 3 °C/s should result in acceptable hardness values both
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with and without post weld tempering. (However, tem-
pering is required to fulfil the toughness requirement for
3 °C/s and 5 °C/s.)

Also for TP = 1150 °C, it is reasonable to believe that the
forging step will cause the hardness graphs to be shifted
downwards in the diagrams since a reduced austenite grain
size in general will cause increased nucleation of more stable
and soft phases. However, a refinement of the microstructure
is also likely to give a positive hardness contribution. Bearing
this in mind, the cooling rates 10 °C/s and, especially, 60 °C/s
are likely to produce too hard forge welds (without post weld
tempering). Both 3 °C/s and 5 °C/s are candidate cooling rates,
assuming that forging increases the amount of soft grain
boundary ferrite. For the lowest cooling rate 1 °C/s, only fer-
rite and pearlite formed for all peak temperatures during the
TCS experiments. The hardness for the 1150(1) specimen was
measured at 202 HV, very close to the minimum requirement.
It is reasonable to believe that a forging step will increase this
value because of microstructure refinement, but the situation
is uncertain since, for the TCS specimens, the hardness of the
ferrite-pearlite microstructures decreased with decreasing fer-
rite grain size (Fig. 6), probably because of decreasing
amounts of pearlite with decreasing austenite grain size (closer
to equilibrium). From Fig. 7, it is seen that, if a post weld
temper of 1 s at 680°C is performed, a cooling rate of 10 °C/
s is also a possible cooling rate, assuming that forging
reduces the hardness through reduced austenite grain
size and increased amounts of (grain boundary) ferrite
for this cooling rate.

For peak temperature 950 °C, ferrite-pearlite was formed at
all cooling rates except at 60 °C which resulted in martensite
islands within a very fine-grained ferrite matrix. For the
cooling rates 1, 3, 5, and 10 °C/s, the forging step might
increase the hardness through an increase in the nucleation
sites for ferrite, but it is believed that this only occurs to a
limited degree since the grain size even without the forging
step is very/extremely small, and the driving force for grain
growth is strong for small grains. Thus, it is believed that the
weld hardness after forge welding at 950 °C will be well
below the maximum limit. Moreover, forging will probably
increase the hardness obtained for 1 °C/s above the minimum
value 204 HV. Earlier in this section, it was suggested that
forging might reduce the amount of brittle martensite that
formed at the highest cooling rate from 950 °C during TCS.
Whether this will reduce the hardness to an acceptable
value is, however, uncertain, and tempering may be re-
quired for this cooling rate. Otherwise, tempering is
probably unnecessary after forge welding at 950 °C
and should be avoided due to the risk of reducing the
hardness below the lower limit (see Fig. 7).

In summary, taking both toughness and hardness require-
ments into consideration, the most reliable thermal parameters
for forge welding are as follows:

– Forging at 1300 °C followed by cooling at 1 °C/s without
subsequent tempering, or cooling at 1, 3, or 5 °C/s if
welding is followed by tempering (1 s at 680 °C).

– Forging at 1150 °C followed by cooling at 1, 3, or 5 °C/s
without or with subsequent tempering (cooling rate 10
°C/s may also be a possibility).

– Forging at 950 °C/s followed by cooling at 1, 3, 5 or 10
°C/s without subsequent tempering or cooling at 60 °C/s
if welding is followed by tempering).

Of course, steel geometry and dimensions will have an
effect on local temperature gradients and cooling conditions
and must be taken into consideration to avoid spots of too low
strength or toughness.

5 Conclusions

Weld thermal simulation of an API 5CT L80 steel (with and
without subsequent tempering) has been performed and analysed.
Specimens were subjected to three different peak temperatures
(1300 °C, 1150 °C, 950 °C) and five different cooling rates (1
°C/s, 3 °C/s, 5 °C/s, 10 °C/s, 60 °C/s) below 920 °C after having
been rapidly cooled to this temperature from the peak temperature.
The resultingmicrostructures andmechanical properties have been
studied. The following conclusions from the thermal simulation
experiments are relevant for finding optimum peak temperatures
and cooling conditions for welding of L80 components by the
SAG-FW technique.

– For all peak temperatures, the highest cooling rate 60 °C/s
produced varying fractions of martensite, and the lowest
cooling rate 1 °C/s produced a mixture of pearlite and ferritic
constituents like polygonal ferrite, grain boundary ferrite, and
Widmanstätten ferrite. Intermediate cooling rates produced
mixtures of ferrite, bainite, and martensite.

– For each peak temperature, the highest cooling rate(s) pro-
duced microstructures that failed to meet either the hardness
(204< HV<254) or the toughness (>27 J) acceptance criteri-
on, or both. The higher the peak temperature was, the fewer
cooling rates gave acceptable mechanical properties.

– Tempering at 680 °C for 1 s increased the toughness
significantly, and to acceptable values for all cooling rates
for all three peak temperatures. However, the four speci-
mens cooled at the two highest cooling rates from the two
highest peak temperatures did still not satisfy the maxi-
mum hardness requirement.

– A peak temperature of 950 °C followed by cooling at 1
°C/s gave a very high toughness, even without tempering,
but this treatment resulted in a hardness that was less than
the minimum hardness requirement for the alloy.
Subsequent tempering reduced the hardness to even a
lower value.

1994 Weld World (2021) 65:1983–1995



– Based on the results from the thermal weld simulations
and a discussion of how a forging stage will affect the
mechanical properties of a real forge weld, the following
combinations of peak temperature in °C and cooling rate
in °C/s (in brackets) are promising parameters for welding
L80 steel components by the SAG-FW technique, with-
out post weld heat treatment: 1300(1); 1150(1,3,5); and
950(1,3,5,10).

– The following combinations of peak temperature and
cooling rate are promising parameters for welding L80
steel components by the SAG-FW technique followed
by post weld heat treatment at 680 °C for 1 s:
1300(1,3,5); 1150(1,3,5); and 950(60).
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