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ABSTRACT

A carbon steel ASTM 235JR covered with 4 mm layer of 316L stainless steel was welded using
GTAW process. Two procedures were applied. The first one is to start welding of 316L layer using
AWS A5.9 ER316L filler and then deposit of carbon steel using AWS A5.18 ER70S-6 filler wire
on the 316L stainless steel weld metal. The other one is to weld the carbon steel substrate first and
then deposit 316L stainless steel using AWS A5.9 ER316Lfiller on carbon steel weld metal.
Starting from stainless steel side followed by deposition of carbon steel weld metal on 316L weld
metal resulted in a joint with unaccepted bending test and v-notch impact toughness results. The
microstructure at the interface of the joint welded with this procedure shows the existence of grain
boundary type-Il cracking and martensite layer. The average micro-hardness of the martensite
layer is about 380 HV. The other procedure shows accepted bending and v-notch toughness results.
This can be attributed to the absence of grain boundary type-Il cracking at the interface of the
welded joint using this procedure as observed at the microstructure of this zone. A martensite layer
with micro-hardness value of 380 HV is also observed using this procedure. These results prove
that the unacceptable bending and impact results is due to the formation of grain boundary type 11
cracking and not the formation of martensite structure.

KEYWORDS: carbon steel covered with 316L stainless steel, welding procedures, mechanical
properties, microstructure, grain boundary type 1l cracking.
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1. INTRODUCTION

Covering carbon steel with a thin layer to prevent corrosion such as stainless steel, nickel alloy and zirconium
is beneficial to reduce the cost and having good corrosion resistance at the covering surface [1-6]. Many
methods are applied to cover the carbon steel include rolling, explosion covering and weld overlay [2].
Covering thickness ranges from 5 to 50 percent of the total thickness [1-9].

Welding of steel covered with corrosion resistance alloy (clad steel) pipes depends on which side welding is
possible. If the weld can be done from the cladding side, then the carbon steel is welded with the
corresponding filler metal and then the last two passes are welded by filler metal matched with clad material.
If the joint must be welded from the carbon steel side (as in case of small diameter pipe), then first the high
alloy cladding must be welded. Then a problem arises once it is not possible to weld carbon steel filler metal
on high alloy base metal, because this would result in a layer of high alloy martensitic weld metal with
cracking [1, 2, 10-12]. A possible solution to this problem is welding with nickel base filler metal as
described in literature [2-4].

Cracking in dissimilar welding occurs near the fusion boundary along the martensite layer or along the type
II boundary [13]. A model was investigated between iron base metal and Monel alloy weld metal [14].
Evolution of grain boundary on cooling transformations in fusion zone and HAZ was also illustrated [14].
Cracks occurred in the Inconel 625 fusion zone between the Inconel 2nd pass and 3rd pass (carbon steel)
and not in martensitic zone [15-16]. Also, a welding technique was applied in which AWS 5.11 ENi-1
electrode is used to weld the third pass on Inconel 625 weld metal followed by AWS AS5.1 E7018 to weld
the fourth pass and the remaining passes. This technique improved the impact strength with no need for
PWHT [16].

The aim of the present research work is to study the weldability of carbon steel covered with AISI316L
stainless steel with GTAW process using two techniques. Firstly, start welding of 316L layer side using AWS
A5.9 ER316L filler and then deposition of carbon steel on austenitic stainless steel weld metal to finish
welding of carbon steel side. Secondly, start welding of carbon steel substrate side ended with deposition of
316L stainless steel on carbon steel weld metal to finish welding of stainless-steel side. The influence of
using each technique on the mechanical and metallurgical properties of the joints was investigated.
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2. Experimental work
2.1. Materials

2.1.1 Base Metal:

A carbon steel of EN10025 grade S235JR steel 6 mm thickness and clad with 4 mm thickness of 316L
stainless steel. The chemical composition is shown in Table 1. Filler wires which are shown in Table 1 were

used.

2.2 Welding procedure

GTAW process was applied in this procedure using amperage of 130 A and a voltage of 26 V. A 2.4 mm
diameter of 2% thorium tungsten electrode is applied.

2.3. Mechanical tests

Tension test: Two transverse test specimens were selected and prepared as shown in Fig. 1.
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Fig. 1 Tensile test specimen details according to ASME I1X-2007, where W is specimen width (19
mm), x is coupon thickness including reinforcement and y is specimen thickness.

Bend test: Four specimens for transverse side bend test were selected and prepared with 10 mm thickness.
The specimen dimensions and bend radius are shown in Fig.2.
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Fig.2 point bend test jig dimensions

Notch-Toughness Tests: Impact testing was done using Charpy impact V-notch method and
according to ASTM A 370-97 standard. The specimen dimensions are sketched in Fig.3, where specimen
size is 55x10x10 mm3. The locations of test specimen are at the middle of the weld metal perpendicular to
the direction of welding.

Bram
o 1(0.315")

Fig. 3 Charpy V-notch test piece dimensions for full sized specimens

2.4 Microstructure and microhardness characterization

Microstructure is observed at the cross section after grinding, polishing and etching. Etching was
done using mixture of HNO3, HCI, acetic acid and drops of glycerol. The etched specimen was observed
with an optical microscope. The microhardness measurements were conducted using Shimadzu
microhardness equipment with a load of 100 g.
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Table 1- Chemical composition of base and filler metals (wt %)

Element EN10025 c?’olvseLr AWS A5.9 AWS A5.18
grade 235JR layer ER316L filler ER70S-6 filler
Fe Bal. Bal. Bal. Bal
Cr 0.011 17.2 17
Ni 0.011 12 12 0.03
Mn 1.45 2 21 1.65
Si 0.22 0.2 0.1 0.8
Mo 0.228 2.45 2.5 0.15
Cu 0.013 | - | -
Ti (0 R B 0.001
\" 0.072 | - | -
Nb 0.008 0.3 0.2
C 0.13 0.028 0.03 0.15
Al 0.008 | - 0.01
P 0.01 0.01 0.02 0.016
S 0.02 0.02 0.02 0.01

Results and discussion

3.1 Chemical and mechanical properties of base metal

Chemical composition of base and filler metals is listed in Table 1. The mechanical properties of EN10025
grade S235JR that covered with 316L stainless steel are presented in Table 2. These values of mechanical
properties are used as acceptance criteria to evaluate welding procedures.

Table 2 Average mechanical properties of base metal.

Yield Strength Tensile Strength Impact toughness
(N/mm?) (N/mm?) at -20 °C (Joule)
247 510 50
216
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3.2 Fusion welding with deposition of carbon steel on stainless steel weld metal

In this welding procedure welding is started from the stainless steel using two passes (clad side) followed
by gouging from carbon steel side and then deposition of carbon steel weld metal on stainless steel weld
metal. The mechanical and metallurgical properties of the joint are discussed in the following sections.

3.2.1. Mechanical Properties

According to ASME SEC. IX, the mechanical properties which are needed to evaluate this welding
procedure are tensile strength, side bend test and impact notch toughness. These mechanical properties are
reported in Tables 3, 4, and 5 respectively. It is clear that the average ultimate tensile strength is 504 N/mm2,
which is accepted. The test specimens are accepted when the minimum tensile strength of the base metal is
achieved. However, the side bend test, which provides an indication of the ductility of the welds, gave
unaccepted results as shown in Table 4. The specimen is accepted when no open discontinuity in the weld
or heat-affected zone exceeding 3 mm is observed on the convex surface of the specimen after bending. The
average impact notch toughness value of specimens is as low as 22 Joule (seeTable 5), which is not
acceptable. The acceptance criteria are that: the minimum average (set of three specimens) absorbed energy
is 27 J and the test temperature shall be -20 °C.

Table 3- Tensile test results for deposition of carbon steel on stainless steel weld metal

Specimen No. Ultimate Tensile Stress (N/mm?) Failure Location Evaluation
1 503 W.M Accepted
2 505 W.M Accepted

Table 4-Side bend test results for deposition of carbon steel on stainless steel weld metal

WM
Position
1 2 3 4 5
Weld metal 24 22 20 21 25

Table S -Impact V-notch toughness (Joule) at -20 oC for deposition of carbon steel on stainless steel
weld metal

Specimen No. Type of Bend Evaluation
1 Side Rejected
2 Side Rejected
3 Side Rejected
4 Side Rejected
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3.2.2 Microstructure and micro-hardness at the joint welded with deposition of
carbon steel on stainless steel weld metal

Fig. 4 shows the microstructure of carbon steel. It is ferrite-pearlite phases. On the other hand, Fig. 5 shows
the microstructure of the 316L stainless steel side. It is austenitic grain phases with twin structure.

Fig. 4 Microstructure of the carbon steel (ferrite and pearlite phases)

Fig. 5 Microstructure of 316 L stainless steel layer show the dual phases
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The microstructure zones that exist between dissimilar welds as illustrated schematically in Fig.6 as
follows [4]:

- Fusion zone (FZ) or complete mixing zone (CMZ): The fusion zone is the region where complete mixing
occurs between carbon steel filler metal and stainless steel 316L and the composition is macroscopically
uniform.

- Partially mixed zone (PMZ): the region where the composition is gradually changed from that of the
complete mixing zone to that of base metal.

- Partially melted zone: the region where the peak temperatures fall between the liquidus and solidus so
that melting is incomplete and re-solidified without any mixing.

- Transition Region: the Region which includes partially melted and partially mixed zones.

Fig. 6 Schematic illustrates the five distinct microstructural zones that exist in dissimilar welds [4].

Figure 7 shows the microstructure at the interfaces between the stainless-steel weld metal and the carbon
steel weld metal. In all the figures, there are martensitic structures. Hardness measurements gave an average
value of 380 HV at the martensite layer. The existence of martensite layer is expected as described by Rowe
et al [12]. They found many cracks and they may mistake the reason for the occurrence of such cracks as
they are hydrogen induced cold cracking.

Using Schaeffler diagram as shown in Fig.8 give evidence of such expectation where the martensite layer
is formed. In Fig. 7, there are many cracks which are named grain boundary type II cracking [15, 16].

These cracks affect the unacceptable results of side bending test and v-notch impact toughness test of this
joint. The same results were obtained by Morsy et al [16] in deposition of carbon steel weld metal on Inconel
625 weld metal.
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Fig.7 Microstructures at the interface between the weld metal of 316L layer and deposited carbon steel

layer that shows the existence of grain boundary type II cracking at different locations.
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Fig. 8 Scheaffler diagram showing the 316L. weld metal (WM) and the deposited carbon steel (CS).
The point of 50% dilution shows the phases expected.

3.3 Fusion welding with deposition of stainless steel on carbon steel weld metal

In this welding procedure the welding is started from the carbon steel side using four passes (substrate side)
followed by gouging from stainless steel side and then

deposition of stainless steel on carbon steel weld metal. The mechanical and metallurgical properties of the
joint are discussed in the following sections.

3.3.1. Mechanical Properties

According to ASME SEC IX, the mechanical properties which are needed to evaluate this welding procedure
are tensile strength, side bend test and impact notch toughness. These mechanical properties are reported in
Tables 6, 7, and 8 respectively. The average ultimate tensile strength is 525 N/mm2, which is accepted. The
side bend test, which provides an indication on the ductility of the welds, gave accepted results. The average
impact notch toughness value of specimens is about 45 Joule (see Table 8), which is acceptable.
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Table 6- Tensile test results for deposition of carbon steel on stainless steel weld metal

Specimen Ultimate Tensile Failure Evaluation
No. Strength (N/mm?) Location
1 525 W.M Accepted
2 526 W.M Accepted

Table 7-Side bend test results for deposition of carbon steel on stainless steel weld metal

Specimen No. Type of Bend Evaluation
1 Side Accepted
2 Side Accepted
3 Side Accepted
4 Side Accepted

Table 8 -Impact V-notch toughness (Joule) at -20 oC for deposition of stainless-steel weld metal on
carbon steel

WM
Position

Weld metal 45 46 44 47 43
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3.3.2 Microstructure and micro-hardness at the joint welded with deposition of
stainless-steel on carbon steel weld metal

Figure 9 shows the microstructure at the interface of the welded joint with deposition of stainless steel on
carbon steel weld metal. The interface is free from any cracks. Hardness measurements gave an average
value of 380 HV at the martensite layer.

Although the existence of martensite layer with high hardness values, the bending and v-notch impact test
were accepted. This proved that the failure of bending, and toughness test is related to the existence of grain
boundary type II cracking. Thus, the welded joint with deposition of stainless steel on carbon steel weld
metal procedure prevents the occurrence of grain boundary type Il cracking. However, in welding of small
diameter pipe that covered at the inner surface with corrosion protection 316L-austenitic layer this procedure
cannot be applied. Instead, it is advised to start welding using ER316 L steel filler metal at the root passes
and complete welding using the same austenitic filler wire until finishing the welding process to the cap
(welding of austenitic stainless steel on carbon steel technique). There is an extra cost added because of
using stainless steel instead of carbon steel filler metal.

316L weld
| metal layer

| R -
A £ /,i £

7, 'lj( i'—-“’,'" %

L S 2

Fig. 9 Microstructure at the interface of the welded joint with deposition of stainless steel on carbon
steel weld metal

The same results were observed in welding of carbon steel covered with Inconel 625[15]. Morsy et al [15]
solved this problem in deposition of carbon steel at Inconel 625 layer by lowering the martensitic start
temperature (TMS) of the martensite layer that formed at the interface. Another method was also
investigated in which a pure nickel layer was deposited between the Inconel 625 layer and the subsequent
carbon steel deposited layer that prevented the occurrence of this type of crack [16].
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Conclusion

The weldability of carbon steel covered with 316L stainless steel was investigated using GTWA process and
applying two procedures. The following conclusions can be withdrawn:

1. Deposition of carbon steel on 316 stainless steel weld metal gave unaccepted bending and V-notch
impact toughness results. Microstructure showed the existence of grain boundary type Il cracking
at the interface between the carbon steel weld metal and stainless-steel weld metal. The average
hardness value of the formed martensitic layer at the interface is about 380 HV.

2. Deposition of 316 stainless steel weld metal on carbon steel weld metal gave accepted bending and
V-notch impact toughness results. Microstructure showed the absence of grain boundary type II
cracking at the interface between the carbon steel weld metal and stainless-steel weld metal. The
average hardness value of the formed martensitic layer at the interface is also close to 380 HV.

3. The unaccepted results of bending and V-notch impact toughness are due to the generation of grain
boundary type II cracking and not due to the formation of high hardness martensitic region.
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