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a  b  s  t  r  a  c  t

The  influence  of Friction  Stir Welding  (FSW)  on  hydrogen  content  of  ISO  3183  X80M  high strength  steel
was  evaluated  for  several  welding  conditions,  including  dry  and  underwater  environments.  The  dif-
fusible  and  non-diffusible  (residual)  hydrogen  were  measured  by a hot  extraction  method  that  involved
adaptation  of  ISO  3690  and  AWS  A4.3 (arc  welding  process)  standards.  It  was found  that  FSW  does  not
significantly  influence  the  hydrogen  content  under  dry conditions  even  when  the  steel  surface  is  oxi-
dized.  A slight  increase  in both  diffusible  and  residual  hydrogen  content  was  observed  for  underwater
FSW.  However,  the  total  hydrogen  content  is  significantly  less  than  the  minimum  allowable  hydrogen
igh strength steel
iffusible hydrogen
nderwater welding
ot extraction method

concentration  in  similar  steels.  In  addition,  the  low  tool  temperature  reached  during  underwater  FSW
suggests  the absence  of  hydrogen  generation  by  water molecule  decomposition.  This  is in according  with
the  temperature  distribution  in water  obtained  by  finite  element  method  simulation  of  this  welding  pro-
cess.  Therefore,  FSW  is a feasible  welding  process  and  offers  important  advantages  in terms  of hydrogen
control  when  it  is  compared  to conventional  fusion  welding  processes.

© 2016  The  Society  of  Manufacturing  Engineers.  Published  by  Elsevier  Ltd.  All  rights  reserved.
. Introduction

High-strength steels are used in a wide range of marine applica-
ions, including commercial and naval vessels as well as off-shore
latforms [1,2]. These steels are also used in pipelines, which are the
ost economical and safe way of gas and oil transportation [3–5].

herefore, it is necessary to assure the highest level of mechani-
al performance through the improvement of material processing
nd joining techniques. Currently, joining of these steels is per-
ormed mostly by fusion welding. This leads to problems related to

elting and solidification such as porosity, liquation, solidification
racking, and hydrogen induced cracking (HIC) [6]. HIC is one of the
ain problems encountered in the welding of high strength steels

7,8].
The implementation of Friction Stir Welding (FSW) technology

ith these steels will enable the replacement of fusion welding pro-

ess in selected cases. This will lead to productivity improvements,
ost reduction, and better mechanical performance. FSW is a solid
tate process involving a severe thermomechanical cycle induced
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by a rotating, non-consumable tool [9–11]. Nevertheless, the imple-
mentation of FSW will require demonstration that the diffusible
and residual hydrogen levels of welded joints are indeed lower
in comparison to conventional process and, furthermore, within
acceptable limits for appropriate materials and conditions.

There have been few investigations of the hydrogen concentra-
tions in steels following FSW or the allied technology of Friction
Stir Processing (FSP). Moreover, there is no agreed procedure for
the measurement of diffusible and residual hydrogen in associa-
tion with these welding or processing techniques. Young [1] and
Overfield [2] reported residual hydrogen concentrations of plates
of high strength steels processed by FSW/P (bead-on-plate runs) in
air and underwater environments.

In both investigations [1,2], the residual hydrogen concentra-
tions of base metal and welding samples were within the acceptable
range of the relevant MILSPEC (2.0–5.5 ml  H2/100 g metal) [12]. In
addition, the hydrogen concentrations after dry welding are lower
in comparison to wet  welding. This may  reflect higher tempera-
tures and a more prolonged thermomechanical cycle during dry

welding, thus enabling diffusion and removal of hydrogen. How-
ever, the materials were not degassed before welding and thus the
initial hydrogen concentrations were significantly different. This
generates some differences in the results. In HY-80 steel [1], the dry

l rights reserved.
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Table  1
Chemical composition of ISO 3183 X80M steel.

Element (wt.%) C Si Mn  P** S** V Nb Ti Cu Ni Cr Mo  Al** N** B**
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Sin takes in account two  contributions: the heat generated due
to friction and due to interfacial deformation next to the tool [18].
The first one is the product of the frictional force and sliding velocity
X80 0.069 0.247 1.789 150 13 0.027 

** ppm.

elding sample contains the lowest hydrogen content whereas in
ISI 4142 steel [2], the base metal contains the lowest hydrogen
ontent.

The current work examines the feasibility of FSW under sev-
ral conditions for ISO 3183 X80M steel. The diffusible hydrogen
ontent of welded samples joined by FSW was measured following
rocedures adapted from the ISO 3690:2012 [13] and AWS  A4.3
993 [14] standards. Whereas underwater FSW were simulated by
nite element method to obtain the temperature distribution of
teel and water, suggesting the absence of the decomposition of
ater molecule, and the subsequent hydrogen generation. It was

ound that FSW does not have a significant influence on the hydro-
en concentration in ISO 3183 X80M steel.

. Materials and methods

Samples of 80 mm × 25 mm × 12 mm of the ISO 3183 X80M steel
Table 1) were divided into two groups. In the first, the samples
ere degassed at 650 ◦C for 1 h in a protective atmosphere, and

hen were subject to FSW under three different conditions (dry,
nder fresh water and under salt water). In the second, the samples
ere heated at 650 ◦C for 1 h without protective atmosphere, and

hen were dry welding. The microstructure was observed by opti-
al microscopy, etching with 2% nital solution. The iron oxide film
f non-degassed samples was characterized by X-Ray Diffraction
XRD) at room temperature, using CoK� radiation.

The ISO 3690:2012 [13] and AWS  A4.3 1993 [14] procedures for
etermination of diffusible and residual hydrogen concentrations
ere incorporated into FSW procedures. The test piece assembly

central piece, and run-on and run-off tabs) was  aligned and fixed
o a clamping device during welding. After welding, it was cool-
ng in an ice water and a liquid nitrogen baths in order to avoid
he hydrogen release, and then the central piece was broken off
rom the tabs, and stored under nitrogen liquid until the hydrogen
ontent measurements. No attempt was made to prevent hydro-
en absorption during welding although flowing argon was used to
rotect the Polycrystalline Boron Nitride (PCBN) tool against oxida-
ion during dry and oxidized welding runs. The PCBN tool shoulder
iameter was 25 mm and the conical pin was 6 mm long with a step
piral feature.

All welding runs were conducted at 300 rpm spindle speed and
00 mm/min  travel speed. The axial force was 16 KN, 24 KN and
0 KN for dry, oxidized and underwater welding runs, respectively.
or underwater welding, the test piece assembly was  immersed in

 stainless steel container filled with water and ice, and equipped
ith the water inlets in the front of the PCBN tool and outlets on

ne side of the container, the water inlets at 4 ◦C and 0.05 m3/s.
The hydrogen content was measured by the hot extraction

ethod. The detection limit of the equipment is 10−4 ml  H2/100 g,
nd the precision is 5 × 10−2 ml  H2/100 g. The measurements were
ade at 400 ◦C (diffusible hydrogen) and 900 ◦C (residual hydro-

en) for 40 min  with three repetitions. Hydrogen concentration
eterminations were based on bulk mass (mT) for non-welded sam-
les and stirred zone mass (mSZ) for welded samples. The mSZ is

stimated from Eq. (1), where ASZ and AT are the average cross-
ectional areas of the stir zone and the central piece, respectively.
hese areas were measured from the fracture locations where the
abs had been removed and image analysis of photographs of these
 0.011 0.022 0.015 0.139 0.185 280 50 2

locations (Fig. 1). The same density and thickness are assumed for
the stir zone and the central piece.

mSZ =
(

ASZ

AT

)
mT (1)

In addition, dry and underwater FSW were simulated by finite
element method. The test piece assembly was replaced by one
only piece of 240 mm × 25 mm  × 12 mm in size (Fig. 2). For under-
water FSW, two stainless steel containers were simulated. The
first one is 240 mm × 25 mm  × 100 mm,  and the second one is
240 mm × 25 mm × 80 mm.

The heat generation between the tool and work metal was  sim-
ulated in transient heat transfer regime (Eq. (2)). Where � is the
material density, Cp is the heat capacity specifies, T is the temper-
ature, u is the material velocity, k is the thermal conductivity, Sin
(Eq. (3)) is the heat generation term in the interface and Sb (Eq. (4))
is the heat rate generated per unit volume due to plastic deforma-
tion, ı is the relative ratio between friction and strain (0.3), � is
the mechanical efficiency (0.9), �Y is the shear stress (90 Ksi), �f is
the friction coefficient (0.3), pr is the pressure applied in the area
(75 N/mm2), ω is the tool rotating speed, r is the radial distance
from the tool axis, v is the welding speed, A is the area, and  ̌ is the
plastic deformation fraction dissipated as heat [15–17].

�Cp∂T

∂t
= −�Cpu∇T + k∇T + Sin + Sb (2)

Sin =
((

1 − ı
)

��Y + ı�f pr

)  (
ωr − v sin �

)
dA (3)

Sb = 2ˇ�f

3∑
i=1

(
∂ui

∂xi

)2

+
(

∂u1

∂x2
+ ∂u2

∂x1

)2

+
(

∂u1

∂x3
+ ∂u3

∂x1

)2

+
(

∂u3

∂x2
+ ∂u2

∂x3

)2

(4)
Fig. 1. Stir zone and base metal in the cross section of the welded joint.



84 J.J. Hoyos et al. / Journal of Manufacturing Processes 22 (2016) 82–89

Fig. 2. Model designed in finite element software for the study in the water tank (left) and Model after application of the mesh (right).
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Fig. 3. Surface of a central piece after diffusible hydrogen measurements.

f the material. The second one is the product of the shear stress
nd the speed of the material that adheres to the tool while this is
oving. When the workpiece material adheres to the tool, the heat

s generated in the contact piece tool due to shear deformation [16].

. Results

Fig. 3 shows the surface of a central piece after diffusible
ydrogen measurements. Visual inspection made before these
easurements verified the integrity of the welded joints. There
ere no superficial defects such as surface lack of fill, scalloping or

alling, nor were there superficial discontinuities such as cracking,
orosity, undercut or underfill. The iron oxide film on the oxidized
amples was determined to be Fe2O3 from analysis of the diffraction
ata of Fig. 4.
Fig. 5 shows the microstructure of the base metal and underwa-
er welded joint. In the base metal, the inclusions are orientated on
he lamination direction. This preferential orientation is vanished

Fig. 4. XRD diffractograms of the degassed and welded samples.

Fig. 5. Microstructure of the base metal and underwater welding joint. Distribution
of inclusions on base metal (a) and welded joint (b), and microstructures of the base
metal (c), Low temperature heat-affected zone (d), High temperature heat-affected
zone (e), and stir zone (f).
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Fig. 6. Hydrogen measurements

n the stir zone, indicating that FSW process produces a redis-
ribution of the inclusions. During welding, the microstructural
hange from ferrite (base metal) to bainite (stir zone), as indi-
ated by Hermenegildo [19]. In addition, a grain refinement is
lso observed, especially in the high temperature heat-affected
one.

Fig. 6 shows the hydrogen measurements. The hydrogen con-
entration in the degassed material is just above the detection limit
10−4 ml  H2/100 g). Comparison of the data for degassed material
o that for dry FSW of this material reveals that FSW results in an
pparent increase in hydrogen concentration but the increase is
ithin the standard error and thus the change cannot be deemed
ignificant. On the other hand, conducting FSW underwater does
ead to a slight increase in both diffusible and residual hydrogen
oncentration. However, all concentrations measured are signifi-
antly less than the most conservative allowable limit of diffusible

Fig. 7. Temperature distribution in test p
 3183 X80M high strength steel.

hydrogen for high-strength steels given in MILSPEC [10]. The
relation 1 ml  H2/100 g = 0.89 wt.  ppm hydrogen was used for this
steel [20].

Figs. 7–9 show the results obtained for the simulation of
FSW. The temperature reached in the stirred zone is near to
1000 ◦C for all cases. The increase of the water volume decreases
the heating zones, and increase the cooling rate. In dry weld-
ing, the cooling rate is 25 ◦C/s, while in the underwater welding
is 80 ◦C/s and 100 ◦C/s for the small and large stainless steel
container, respectively. The tool temperature obtained for the sim-
ulation is similar to that measured during welding runs, and the
test piece assembly experiences a more prolonged thermome-

chanical cycle during dry welding in comparison to underwater
welding (Fig. 10). The results obtained for dry welding are in
according with that obtained by Hermenegildo [19]. Whereas
the temperature distribution in water is in according with the

iece assembly during dry welding.
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Fig. 8. Temperature distribution of the test piece assemb

emperature measured in water near to the piece assembly test
from 4 ◦C to 17 ◦C). The temperature of the water is significant
ower than that required for the water molecule decomposition
Fig. 11).

FSW has a minimal effect on the hydrogen concentration in
he oxidized samples. Nevertheless, the measurements of non-
iffusible hydrogen at 900 ◦C suggest than the non-degassed, and
he oxidized and welded samples both exhibit slightly higher

esidual hydrogen concentrations when compared to the oxidized
amples. Although this increase is within the experimental error,
ould reflect that the oxide layer behaves as a barrier to the
ydrogen exit from the steel. Similarly, the results in dry welding

Fig. 9. Temperature distribution of the test piece assembly and w
 water for underwater welding with the small container.

obtained by Young [1] suggest that the FSW reduces the hydro-
gen content of non-degassed samples, which could be relevant in
repairs applications involving of steels used at high temperatures
or in corrosive environments.

The potential use of FSW in repair applications will require
understanding of the effects of oxides and other surface con-
tamination on hydrogen pickup. There is no information in this
regard. During hydrogen charging, the iron oxide film behaves

as a barrier to hydrogen ingress. However, imperfections such as
cracks in the oxide layer and reactions involving the oxide film
can facilitate the hydrogen input, as discussed by Bruzzoni and
Garavaglia [21].

ater during underwater welding, using the large container.
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Fig. 10. Tool temperature and thermomechanical cycle during dry and underwater welding.

Fig. 11. Temperature distribution of the water during underwater welding, using the large container (steady state).
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. Discussion

The ISO 3690:2012 [13] and AWS  A4.3 1993 [14] standards can
e adapted to FSW process. Nevertheless, some requirements must
o be satisfied. In first place, the clamping device has to resist forces
nd torques that are not involved in the fusion welding process, and
llows a rapid release and removal of the test piece assembly for
ooling (4 ± 1 s). In second place, the FSW plunge was  initiated on
he run-on tab at a location 50 mm from the central piece to assure

 steady-state condition during welding of the central portion of
he test piece assembly. Although this run length is higher than
he recommended for the AWS  A4.3 1993 [14], it is according with
he ISO 3690:2012 [13]. In third place, the hydrogen concentration
alculations are based on the stir zone mass since FSW process does
ot use filler metal and this zone is analogous to the fused metal
eld for autogenous welding process.

Similar to conventional process, it is assumed that the hydrogen
ickup mainly takes place by the stir zone. However, it can takes
lace by both the stir zone and the base metal. This assumption

s based on the experimental procedure. In first place, the sam-
les were degassed before welding, obtaining the lowest level of
ydrogen on base metal. In second place, the cooling on ice water
nd liquid nitrogen baths avoids the diffusion of hydrogen, and its
ubsequent redistribution from the stirred zone to other zones. In
onventional process, it is considered that the 90% of the hydro-
en pickup belongs to the fusion welding process, and the 10%
emaining belongs to the base metal [13,14]. In order to avoid
nderestimation of the hydrogen concentration on welded sam-
les, it is assumed that the hydrogen pickup only belongs to the
tir zone.

All samples exhibit low hydrogen concentrations. Except for
he data for underwater FSW, the values of diffusible hydro-
en concentration are within the precision of measurement of
he hot extraction method. Furthermore, the hydrogen concen-
rations (both diffusible hydrogen and non-diffusible, i.e., residual
ydrogen) in all welding conditions are significantly less than the
ost conservative allowable limit of diffusible hydrogen for high-

trength steels given in MILSPEC [12].
The lower hydrogen input during FSW in comparison to con-

entional process is attributed to the absence of sources such as
ller metal and process temperatures below the melting point.
his results in reduced generation of hydrogen as well as lower
ydrogen solubility and diffusivity. Usually, hydrogen goes into the
aterial during arc welding by the dissociation, in the arc atmo-

phere, of hydrogen or its compounds followed by dissolution and
iffusion of monoatomic hydrogen into the weld metal and then

nto the base metal during the welding thermal cycle [14]. Further-
ore, the low tool temperatures and the water temperature near to

he test piece assembly when conducting FSW underwater, suggest
he absence of hydrogen production through decomposition of the
ater molecule. This is in according with the results obtained for

he simulation of FSW.
The slight increase of the hydrogen concentration during under-

ater welding could be associated to the release of hydrogen
rom microstructures features such as matrix-inclusion interfaces.
he severe deformation and corresponding refinement of the
icrostructure and redistribution of the inclusions during the FSW

hermomechanical cycle may  be more effective than annealing
lone in release of hydrogen. The temperature reached in the stirred
one (1000 ◦C) is higher than the annealing temperature (650 ◦C).
horter dwell times and more rapid cooling rates during under-
ater FSW would restrict diffusion leading to retention of more of
his hydrogen in the material. In contrast, the test piece assembly
xperiences a more prolonged thermomechanical cycle during dry
elding, allowing more time for removal of hydrogen by diffusion.

n that sense, the FSW could contribute to the release of residual

[

ring Processes 22 (2016) 82–89

hydrogen from microstructure tramps, but the rapid cooling rate
during underwater restrict the hydrogen diffusion.

5. Conclusions

The ISO 3690 (2012) and AWS  4.3 (1993) procedures can be
adapted to measure the hydrogen concentration in weld joints
made by FSW. It was found that the FSW does not significantly
increase the diffusible and residual hydrogen concentration in ISO
3183 X80M high strength steel under dry welding conditions.
The hydrogen pickup during FSW is not increased when the steel
surfaces are oxidized. In addition, the hydrogen concentrations
attained during FSW under fresh water and under salt water are
still significantly less than the most conservative allowable limit
for diffusible hydrogen. On the other hand, the water and low tool
temperatures reached during underwater FSW suggest that there
is not hydrogen generation by water molecule decomposition. This
is in according with the results obtained for the simulation of FSW
by finite element method. Therefore, FSW reduces the risk of HIC
in comparison to conventional fusion welding processes.
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