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ABSTRACT

The effect of preheating temperature on the mechanical and fracture behavior, hardness, and the microstructure of slot
welded pearlitic rail steel were studied. Railhead sections with slots were preheated to 200°C, 300°C, 350°C and 400°C
before gas metal arc filling to simulate defects repair. Another sample, welded at room temperature (RT) with no pre-
heat, was studied in comparison. The parent rail steel has ultimate strength, yield strength and strain to failure of 1146
MPa, 717 MPa and 9.3%, respectively. Optimum values of these properties for the welded rail steels were found to be
1023 MPa, 655 MPa and 4.7%, respectively, for the 200°C preheat temperature. On this basis, the optimum weld effi-
ciency was found to be 89.2%. The average apparent fracture toughness K for the parent rail was 127 MPam®®, while
that for the optimum welded joint (200°C preheat) was 116.5 MPam®®. In addition, the average hardness values of the
weld, fusion zone, and heat affected zone (HAZ) were 313.5, 332 and 313.6 HB, respectively, while that for parent rail
steel was about 360 HB. Dominance of bainite and acicular ferrite phase in the weld microstructure was observed at
200°C preheat.

Keywords. Preheat Temperature; Welded Rail Steels; Weld Microstructure; Welding Efficiency; Fracture Toughness

1. Introduction

Preheating can be defined as heating the base metal(s) to
a certain temperature before welding. Preheating serves 4
major purposes [1,2]: a) to decrease cooling rate, which
produces ductile microstructure that increases resistance
to cracking and helps in diffusion of hydrogen; b) to re-
duce shrinkage stress between the weld zone and base
metal; c) to prevent chilling effect (“cold start”) and en-
sure proper fusion; and d) to eliminate moisture from the
sample surface. However, excessive preheating is expen-
sive and yields defects such as thermal distortion in
welded component [3]. On the other hand, inadequate
preheating results in different types of cracking, insuffi-
cient fusion, and penetration [4]. Carbon equivalent (CE)
is used as atool for approximating proper preheats [2,5].
Beside CE, optimum preheating temperature also de-
pends on section thickness, restraint, ambient tempera-
ture, filler metal hydrogen content, and previous cracking
problems[1].

Microstructure of C-Mn steel weld generally consists
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of alotriomorphic ferrite, acicular ferrite, widmanstatten
ferrite, and microphases [6-9]. Different aloying ele-
ments have been added to improve strength and tough-
ness of these C-Mn weld joints. Ni and Mn are used to
increase harden ability and promote acicular ferrite by
suppressing alotriomorphic ferrite formation, wheress,
Cr and Mo assist in promoting bainite formation instead
of acicular ferrite. Typica weld microstructure of high
strength filler material aloyed with metals such as, Ni,
Mn, Cr and Mo consists of a mixture of acicular ferrite,
bainite, and low carbon martensite. Relative proportion
of these phases mainly depends on chemical composition
and thermal cycle during welding [8,9].

Along with other factors, cooling rate plays an impor-
tant role in determining final weld microstructure. Shia
and Han reported that the volume fraction of martensite
decreases with decreasing cooling rate [10]. However,
cooling rate decreases with increasing preheat tempera-
ture and heat input. The relation between cooling rate
with preheat temperature and heat input is

Roc1/TH Q)
where R is cooling rate, T is preheating temperature and
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H isheat input [11].

The width of the fusion zone depends on the time the
temperature of this zone remains above melting point of
the material. A higher preheat temperature increases the
time span and thus results in an increased width of the
fusion zone[12].

Preheat temperature has a strong influence on the
phases that form in the weld microstructure. Recent in-
vestigation on laser hybrid welded 10Ni3CrMoV steel
showed that at a lower preheat (90°C), lath martensite
and upper bainite that are formed do not have enough
time for self tempering. At a higher preheat (120°C), with
enough self-tempering time, acicular ferrite is formed
along with lath martensite. Hence, better toughness and
lower cracking results with this preheat temperature.
However, at a still higher preheat temperature (150°C) it
was found that the toughness was reduced due to granu-
lar bainite and martensitic/austenitic (M/A) constitutesin
the microstructure [13].

When shrinkage of solidifying weld deposit is inhib-
ited by surrounding parent metal, the weld zone remains
in aresidua tensile stress [14]. Weld residual stress was
found to decrease with increasing preheating temperature
[15,16].

In a multipass welding, subsequent beads are depos-
ited one upon another to fill the gap. Hence all the layers,
except the topmost layer, experience additional thermal
cycles due to heat from layers above. These thermal cy-
cles could be high enough to reaustenize the weld beads.
Portions of weld bed where temperature is not high
enough to revert back to austenite also exhibit atempered
microstructure [17].

Hardness of the weld zone and HAZ depends on heat
input, cooling rate, and peak temperature reached during
welding [18]. Though hardness testing provides a rough
assessment of weld, other mechanical evaluations such as
tensile, fracture toughness, and fatigue should be per-
formed to obtain a comprehensive idea about weld qual-
ity [19]. Tensile tests are performed on a welded joint to
know the strength of the joint in comparison to the parent
steel. The ratio of ultimate tensile strength of the welded
sample and the parent sample is known as weld effi-
ciency [20]. Fracture toughness reveals the resistance of
the material against crack propagation. For carbon steel,
fracture toughness generally increases with decreasing
coarseness of the grain [21].

In the present work, slot was milled on rail head and
was filled with multipass gas metal arc welding (GMAW)
to simulate in service repair. Five different preheating
temperatures were used. Mechanical testing, metallo-
graphic analysis, and fracture behavior analysis were
carried out on the welded samples. The optimum preheat
temperature has been identified in view of the welding
efficiency and the fracture resistance of the welded rail
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head.

2. Materials and Experimental

The materials used in the present study were supplied by
the Transportation Technology Center, Inc. (TTCI).
ESAB-140 (specified by the military standard MIL 140S-
1) was used as afiller material (see Table 1 for chemical
composition) and is manufactured by ESAB Welding and
Cuitting.

A dot of 254 mm wide and 19.05 mm depth was
made at the center of each section of rail sample to
simulate removal of defects from a rail head. Electric
strip heaters (250 watt heat transfer capacity) were
clamped on both sides of the web of arail section to pre-
heat the slot. Ceramic fiber was used to wrap the sections
in order to minimize the heat loss. Four different preheat
temperatures (200°C, 300°C, 350°C and 400°C) along
with a room temperature (RT) sample with no preheat
were chosen for the current study. After the desired pre-
heat temperature was attained, multipass GMAW was
performed to fill the dots (Figure 1(a)). The voltage
applied was 23 volt, wire feed speed rate was 250 IPM,
and the heat input was approximately 1.18 k¥mm. The
interpass temperature used was a 50°C higher than the
selected preheat temperature. Approximately 28 passes
were made to completely fill the slot. The rail section
was then allowed to cool after the welding and any ex-
cessive material was ground off from the surface. The
welded rail head was then dliced into thin sections of
dimensions 136 mm long and 12.7 mm wide and 2.5 mm
thick. For the fracture test, a 60° notch was introduced at
one edge to the center of the weld with a5 mm depth for
the notch, and a depth to width ratio (a/W) of about 0.4. A
minimum gage length of 72 mm was set for both notched
and unnotched static tensile testing (Figure 1(b)).

Hardness tests were performed on the samples at dif-
ferent locations across the weld using a Clark CLC-200R
hardness tester. Microstructural analyses of the parent,
HAZ, and weld regionswere conducted using an Olympus
GX51 metallurgical optical microscope. A servo hydrau-
lic material testing system (MTS 810) with a 100 kN load
cell connected with Test star Il software was used for
static tensile tests, both on notched and un-notched sam-
ples.

3. Results and Discussion

3.1. Hardness Distribution of Welded Pearlitic
Rail Sted

Hardness of welded samples was measured at different
locations from the weld center. A carbide diamond in-
denter tip was used with a 150 kgf load for the hardness
measurement. Figure 2 shows the hardness profiles of
the welded samples with different preheat temperature.
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Table 1. Chemical composition of rail steel and filler material by weight percent.

Element C Mn S Cr Ti Cu P Ni Al
Parent 0.92 0.85 0.405 ~0.22 0.1 ~0.3 ~0.015
ESAB-140 0.08 1.70 0.40 0.90 0.60 - - 0.005 24

~—

Weld in the center of
railhead

136
I
72mm e 6?’: 25.4 mm
—»
5 mm
—12.7mm—|

Welded Pearlitic Rail
(b)
Figure 1. (a) schematic diagram of a railhead section show-

ing the slot weld and (b) geometry of notched and un-
notched specimensfor tensile and fracturetests.

All of the preheated samples displayed similar hardness
distribution curves—a lower value at the weld, an increase

near the fusion line and then a decrease again in the HAZ.

The average hardness of the parent rail steel was found to
be 360 HB. Maximum and minimum average weld hard-
ness was obtained for the 350°C and 400°C preheated
samples and was 336.7 HB and 295.3 HB, respectively.
Among these preheats, the average hardness of HAZ was
found to decrease with increasing preheat temperature.
Maximum HAZ hardness was 313.6 HB, obtained at
200°C preheat, and the minimum was 281.1 HB, ob-
tained at 400°C preheat.

Open Access

Hardness of weld zone strongly depends on the filler
material and the resulting thermal cycles produced during
application of successive layersin multipass welding.

The variation in the hardness values for parent, weld
and HAZ can be explained from their chemical composi-
tions. The filler material had a lower carbon percentage
when compared to the parent. Carbon percent is a stan-
dard measure of the hardness as carbon is directly pro-
portional to the hardness of the material. Higher hardness
near the fusion zone can be attributed to the formation of
a harder phase due to the combined effects of both the
carbon diffusion from the parent material and the rapid
cooling rate of the weld metal from the liquid state [22].
Generally, the HAZ undergoes heat treatment at the time
of welding that causes nucleation and growth of austenite
resulting in reduction of work hardening and dislocation
number [23]. As aresult, the hardness of the HAZ is re-
duced. A similar result was found in present study. Addi-
tionally, it is evident (Figure 2) that as the preheat tem-
perature increases, the HAZ hardness decreases. A
slower cooling rate at a higher preheat temperature might
be areason for this trend. Further studies will be done in
an attempt to increase weld’ s hardness.

A dlight difference in hardness distribution was ob-
tained for the raill sample welded without any preheat
(RT). The HAZ hardness for this sample was very high,
even higher than the parent. This contradicts the explana-
tion presented in the previous paragraph. When welding
was performed on no preheat (RT) sample, the cooling
rate was faster. Besides, the carbon content of the parent
is much higher (0.9 wt% C). These two factors might
contribute to a harder phase (like martensite) in the HAZ.

3.2. Microstructure of Welded Rail

The microstructure of the welded rail steel was investi-
gated at different locations of the weldment. Figure 3
shows a schematic representation of the welded sample
indicating the different zones.

The microstructures of the weld zones for al the
welded samples with different preheat temperatures were
similar and mostly evident of a mixture of acicular ferrite
and bainite. However, a different weld microstructure,
which is a mixture of martensite and bainite, was ob-
served for the samples welded with no preheat (RT).
Figures 4 and 5 represent micrographs taken at the fu-
sion and weld zones for both room temperature and
200°C preheated samples.
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Figure 2. Hardness distribution of rail steel welded with different preheat temperatures.
i HAZ . In the case of dissimilar filler welding, a small portion
/ N i of the base metal melts and mixes with the filler materia
¢ 1% '\ : to form a weldment. The percentage of the weld that
L comes from base metal during welding is known as the
@ (b) dilution percentage [24]. In the present work, since there

Figure 3. A schematic of the test specimen indicating the
locations of the micrographs taken for microstructural
analysis. (a) Fusion; (b) Weld.

Figure 4. Micrograph of welded sample with no preheat, (a)
near fusion (b) weld.

Figure5. Micrograph of welded sample at 200°C preheat, (a)
near fusion (b) weld.
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is a large difference in the chemistries of the parent rail
and the filler materia (especidly wt% C), the weld
composition might vary depending on the percentage of
dilution. Considering the base metal dilution, the carbon
percentage of the weld for different preheating conditions
was determined by weld cross-section and the composi-
tion calculation [25] (Table 2). It is clear that the wt% C
for the weld increases with increasing preheat tempera-
ture. Another important factor of preheating is that it
decreases the cooling rate. A higher the preheat tem-
perature Iresults in aower the cooling rate.

It is well established that an increasing carbon per-
centage in sted will shift the continuous cooling trans-
formation (CCT) diagram to the right. Since an increase-
ing preheat temperature will increase the wt% C in the
weld, the CCT diagram will shift to right. In contrary, a
higher preheat temperature will reduce the cooling rate
and will also shift the cooling curve to the right. Due to
the above mentioned combined effects, the cooling
curves for different preheat temperatures most likely cut
the CCT diagram in the same region. Hence, we can ex-
pect a similar weld microstructure for different preheat
temperatures. However, for s welded sample with no
preheat (RT), the cooling rate will be much higher when
compared to other preheated samples, as well as to the
parent rail, and will act as a heat sink. It is believed that
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due to this very high cooling rate, martensite and bainite
were formed in their microstructures.

3.3. Mechanical and Fracture Performance

Tensile and fracture test data for parent and welded
specimens are presented in Table 3. The ultimate tensile
strength (UTS) and strain of the parent rail was found to
be 1146 MPa and 9.3%, respectively. The ultimate ten-
sile strengths of al the welded specimens with different
preheats were found to be similar. The maximum tensile
strength (1023 MPa), which is about 11% less than that
of the parent steel, was obtained at the 200°C preheat
temperature. The maximum strain (6%) was obtained at
the 300°C prehesat. Thisis a 35% decrease in strain when
compared to the parent. The maximum yield strength

(718 MPa) was obtained for the 400°C preheated samples.

This is similar to that of the parent steel (717 MPa).
Yield strengths of other preheated samples (200°C,
300°C, and 350°C) were about 8% less than the parent.
Except for 350°C preheat temperature, all the other
welded samples showed a similar modulus of elasticity
as the parent. The modulus of elasticity for the welded
rail with a 350°C preheat temperature was 951.7 GPa,
which is 3.6% higher than that of the parent.

The minimum strength, as well as strain, was 836 MPa
and 3.4%, obtained for samples welded with no preheat
(RT). During the welding processes, the liquid weld de-
posit tries to contract as it solidifies. Additionally, the
unmelted parent around the weld prevents the contraction
of the weld. As a result, the weld zone remains under
residual tensile stress. It is established that preheating
helps reduce the weld residual stresses significantly
[15,16]. It is considered that the presence of a higher

Table 2. Carbon content of weld for different preheat tem-
peratures.

Preheat Temp. None 200°C 300°C 350°C 400°C

Wt% C 0.13 0.15 017 019 0.2

amount of residual stress, in the case of room tempera-
ture weld samples, might be areason for the lower tensile
strength.

Weld efficiency is defined as the ratio of ultimate ten-
sile strength of weld to parent. This is a powerful tool to
assess a weld's performance. Weld efficiency of samples
welded at different preheat temperatures is shown in
Figure 6. The dlight deviations in the error bars (Figure
6) indicate the consistency of the values obtained for any
individual preheat temperature.

It is evident that the weld efficiency is lower for the
samples with no preheat (RT). The weld efficiency in-
creased significantly after introducing preheat and was
about 90%. Variation of preheat temperature, in the
range of 200°C to 400°C, does not have any significant
effect on weld efficiency.

Residual strengths were determined for both parent
and welded rail steels after testing samples with simu-
lated defects. A 5 mm deep notch was introduced with a
crack length to width (a/W) ratio of 0.4. The apparent
fracture toughness (K;) was calculated using a formula
mentioned in JSMS handbook [26]. Variation in the
fracture toughness ratio of parent to weld with respect to
preheat temperature is presented in Figure 6. It can be
seen that the toughness ratio does not vary significantly
for different preheat temperatures and is about 0.9. The
higher value of residual strength (Table 3) for the sample
with no preheat (RT) is contradictory to the lowest value
of tensile strength (as discussed in earlier section). The
presence of a high weld residual stress (due to contrac-
tion of the weld) was considered to initiate a crack (dur-
ing tensile test) at a lower tensile stress. Thisresultsin a
lower tensile strength of this weld. On the other hand,
during the fracture toughness evaluation, a crack was
introduced with a notch in the weld. Hence the presence
of weld residual stress might not play a significant rolein
the crack propagation.

4. Conclusions
Preheating has a significant effect on the properties of a

Table 3. Summary of all tensile and fracturetest data.

Preheat Slot Tensile Test

Fracture Test

Temp.°C Temp.°C

UTS(Mpa) Y.S.(Mpa) Strain (%) Mod. (Gpa) Eff. (%) Residual Strength (Mpa) Strain (%) K,
Parent 1146+18 717+ 10 9.3+0.7 918+ 8 481+ 17 060 1274+ 3.6
None 25 836+19 738+14 3405 905+15 729+16 472+5 263+02 1224+17
200 157 1023+ 7 655+ 5 47+0.7 917+40 89.2+0.6 437+ 10 18+01 1165+29
300 232 1015+22 658+8 6.0+ 0.9 908+38 88.6+20 436+ 4 21+01 1121+10
350 263 996 + 17 652+ 3 47+05 952+8 869+15 436+ 4 17+02 1162%12
400 288 997+ 11 718+ 8 41+0.2 921+13 87.0+09 427+ 3 19+01 1121+09
Open Access ENG
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Figure 6. Weld efficiency and fracturetoughnessratio plotted against different preheat temperatures.

dlot welded pearlitic rail steel. Mechanical properties
were poor when welding was performed at room tem-
perature with no preheat. In the range of preheat tem-
perature (200°C to 400°C) used in this work, no signifi-
cant change in microstructure, mechanical and fracture
properties was observed depending on preheat tempera-
ture. This temperature was measured on the weld surface
below the dots.

The microstructure of welded rails with different pre-
heat temperatures was mostly a mixture of acicular fer-
rite and bainite. However, martensite and bainite were
identified as main constituents for the rail welded with no
preheat (RT). The presence of a significant amount of
martensite in the weld microstructure and weld residual
stress might be the reasons for lower mechanical proper-
ties of the welded rail without any preheat.

Higher carbon content in the weld and reduced cooling
rate at the higher preheat temperature might be responsi-
ble for producing similar microstructure and similar me-
chanical and fracture properties at different preheat tem-
peratures.

Since a higher preheat temperature involves extra en-
ergy to achieve, 200°C can be recommended for pre-
heating slot welding of pearlitic rail stedl.
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