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Abstract

Ferritic steel bars — 25 mm in diameter — were welded by transient liquid phase bonding
(TLPB) using Fe-based amorphous metallic foils as filler material. The resulting
residual stress (RS) field shows a low peak magnitude — of 147 MPa — as measured by

neutron diffraction.

The most distinctive feature of TLPB is the heat input delivered simultaneously at the
whole joint that allows much lower cooling rates compared with arc welding (AW).
Therefore, the elapsed time between 800 and 500 °C (t 8/5) was particularly long
reaching 390 sec. As a result, a low RS peak magnitude (147 MPa) was obtained in the
as-welded condition. This value is well below the RS peak magnitude obtained with

AW which typically attain the yield strength of the base metal (276 MPa).

The numerical simulation of RS at the welded bars was performed by a thermal and
mechanical analysis. It shows that TLPB produced a large austenized region, low
cooling rates and a remarkable t 8/5. Consequently, the large volume in which the heat
input is delivered is the driving force to reduce RS peak magnitudes. From the
mechanical analysis, it was found that the simulated RS were in good agreement with
the measured RS. Therefore, the proposed numerical simulation model can be used to

predict RS in TLPB weldments.

Keywords: ferritic steel; transient liquid phase bonding; residual stress measurement;

residual stress numerical simulation.



1. Introduction

Residual stresses (RS) in weldments (the welded assemblies) arise due to unrelieved
strains at the joint and the heat affected zone (HAZ). Their sources are due to
temperature gradients and/or volume changes induced by phase transformations. RS are
added to the in-service stresses and can seriously reduce the performance of weldments.
In arc welding (AW) the heat input ¢ is supplied to the surfaces of the workpieces [1-3],
generating steep thermal gradients and consequently high cooling rates. As a result,
maximum values of RS typically achieve the yield strength o, of the base metal —
including carbon, low alloy and stainless steels [4—6]. Therefore, welding techniques
which produce lower RS and the accurate measurement of the RS field within the
weldment are of particular interest.

In transient liquid phase bonding (TLPB) [7] the whole joint is heated to the process
temperature (Tp) below the melting point of the base metal and above the melting point
of the filler material. The temperature is then held constant at Tp during a preset time
(t,) and finally the whole joint is cooled down to ambient temperature in still air or
using an inert or reducing atmosphere. This thermal cycle at the joint allows the
generation of low cooling rates. For ferritic steels, the elapsed time between 800 and
500 °C (t 8/5) — range of temperature in which the austenite transformation takes place,
is particularly long [8]. As a result, TLPB has a great potential to develop low RS.

Of all non-destructive techniques to measure RS, diffraction methods are widely
accepted as the most reliable ones. In particular, neutron diffraction (ND) is the only
one capable of measuring RS inside the weldment, with a millimetric spatial resolution
and a cube-shaped gauge volumes (= 10 mm? in size) [9] *. This clearly improves upon
the elongated diamond shape gauge volumes obtained in high energy synchrotron X-ray
diffraction experiments [10].

For the first time, we have investigated RS in TLPB ferritic steel weldments using
Fe-based amorphous metallic foils as filler material. RS measurements were performed
by ND, while RS modelling was carried out with a thermal and mechanical analysis.

The main outcomes of the present work are:

! It is worth noting that the usefulness of measuring RS by ND depends on the specimen
dimensions. For small specimens, the gauge volume for ND can be very large (e.g.: It
may capture both the fusion zone and the heat affected zone).



e The low cooling rates achieved by TLPB reduces considerably the magnitude of
RS measured at the joint and the HAZ in the as-welded condition.

e The numerical simulation of the RS in TLPB ferritic steel weldments are in good
agreement with the measured RS. Therefore, the proposed simulation model can
be used to predict RS in TLPB weldments.

2. Materials and methods

2.1. TLPB procedure

The base metal consisted in hot-wrought carbon steel bars ASTM A29 1011 [11] 150
mm long and 25 mm in diameter. This base metal had a o, = 276 MPa as measured by
tensile tests according to ASTM E8 [12]. Regarding the filler material positioned
between the bars to be welded, a Metglas® SA1 amorphous metallic foil of the Fe-Si-B
system with a thickness of 25 um was used. It is worth noting that the ductility of this
amorphous metallic foil enabled its handling even in this range of thicknesses. The

chemical compositions of the base metal and the filler material are shown in Table 1.

Table 1

Chemical compositions (in wt.%) of the base metal and the filler material.

C Mn Si P Ni Cr Mo Cu Sn B Fe
Grade 1011 0.11 0.78 0.17 0.09 0.06 0.06 0.010 0.14 0.01 Bal.
SAl 5 3 Bal.

The joint and its adjacent base metal were subjected to the following thermal cycle:

e heated to Tp = 1300 °C,
e heldat Tp during t, = 7 min,

e cooled down to ambient temperature in still air.

The necessary ¢ during the heating and holding stages was supplied by an induction
furnace (its power was cut off during the cooling stage). In addition, an uniaxial
pressure of 4 MPa was applied during the thermal cycle and part of the heated zone was
protected by a reducing atmosphere (Ar + 10% H,) contained by a concentric PIREX®

tube — hereafter the protected surface — to minimize scale formation. The temperature at



the joint was controlled by means of a type K thermocouple. A cutaway drawing of the
TLPB layout is provided in Fig. 1.

Field-emission gun-scanning electron microscopy (Zeiss Ultra 55) was used to
determine the microstructures of the base metal, the HAZ and the joint. Sample

preparation consisted in grinding, polishing, and final etching with 2% Nital solution.

Steel bars Alumina wool
PIREX®tube

Thermocouple

l Inductor
Applied Applied
Pressure Pressure
—_— - —

Fig. 1 Cutaway drawing of the TLPB layout. The relative position of the joint, the steel
bars, the inductor of the induction furnace, the thermocouple and the protecting PIREX®
tube are indicated. Alumina wool was used as seal between the bars and the protecting
tube while the reducing atmosphere was injected through the wool. The applied pressure

is indicated and characteristic dimensions in mm are included

2.2. Neutron Residual Stress characterization

ND scanning was carried out at the strain diffractometer for engineering applications
SALSA at the Institut Max von Laue — Paul Langevin (ILL) in Grenoble, France [13].
The measurements at this monochromatic instrument were performed under a neutron
beam wavelength of 1.71713 A. The a-Fe 211 Bragg reflection was analysed since it is
the most representative of the macroscopic behaviour for a BCC structure [14].

The gauge volume was defined by radial collimators to 2x2x2 mm?. Data reduction was
performed with LAMP in-house software [15], considering a symmetrical Gaussian
profile and an adjusted background function, allowing to obtained the Bragg angle at

each location of the sample.



The normal strain &;; of the strain tensor & for a direction i and a plane (hkl) is defined as
follows:

_ diihkl _dohkl Q)
" d0 hkl
where d;; and do are respectively the actual and stress-free lattice spacing, respectively.
In our case, & was measured at each point in the radial direction (r), the circumferential
direction (¢) and the axial direction (z).
Finally, the normal stresses oj of the stress tensor ¢ at each point can be calculated

considering the strain in each direction and Hooke’s law as:

)

— th

O-ii hkl — (1+ thl )(1 2th| )[ th || th + thl Zgj hkl :I

where:

e Y is the Young's modulus for the plane (hkl)

eV is the Poisson’s ratio for the plane (hkl)

e i=r012
o =r,0,z;]#i
e hkl=211

The diffraction elastic constants based on a Kroner model [16] for a-Fe 211 were Y 711 =
217 GPa and v ;1 = 0.277.

It is worth noting that to avoid changes between the centre of gravity of the gauge
volume and the scattering volume, ND was carried out up to a radius that assured that
the gauge volume was fully immersed into the base metal (i.e. avoiding pseudo-strain
effect) [17].

For further information on data analysis please check reference [14].



2.3. Measurement of the stress-free lattice spacing

A reference sample for dy measurement was prepared as a comb and measured as a
function of the distance from the joint. This sample was cut — from another weldment
performed identically to those where RS were measured — by wire-cut electrical
discharge machining (WEDM). In this sample, cubes were also cut by WEDM, with
their centres along the axis of the bar. The volume of each of cube was 3x3x3 mm?, to
allow the whole neutron gauge to be immersed while characterizing the macroscopically
relaxed condition (Fig. 2, top panel). This condition was attained with the described
cutting procedure. WEDM is practically a distortion-free cutting process, avoiding the
addition of further RS to the cubes due to the cutting procedure [18].

At each cube, dy was measured in z (Fig. 2, middle panel) and x (Fig. 2, bottom panel)

directions and an average value was determined to use for strain/stress calculations.




>

Fig. 2 Reference sample. Top panel: actual reference sample where the average do Vs.
distance from the joint (z) was measured (the position of the joint is indicated by an
arrow mark). Layout to measure do in z (middle panel) and x directions (bottom panel).
The black point is indicating the centre of a cube, with the corresponding incident beam

wavevector (K,), diffracted beam wavevector (Kp) and scattering vector (Q)

The measured do in the z and x directions, and the average do — at each of the centres of
the cubes of the reference sample — as a function of the distance from the joint (z) (see
Fig. 2, top panel) are shown in Fig. 3. In this way, chemical composition gradients that

may change do along z axis are directly considered.

11802 bttt
1.1801 -
118004 ]
~ 117994
< 1.1798-

1.1797 -1

1.1796 4 -1

1.1795

0O 5 10 15 20 25 30 35 40 45 50
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Fig. 3 dg vs distance from the joint (z) for the reference sample. Measurements of dg in

the z direction (red triangle marks), x direction (blue triangle marks) and their average



(open circle marks) are shown. In addition, and for ease of expression and
comprehension, only the error bars for the average do are indicated

2.4 Weldment scanning

Strain scanning of the weldment was performed in r, 6, and z directions — with the
corresponding K, Kp, and Q — as it is shown in Fig. 4. The 6 layout was obtained by
rotating the weldment 90° in z axis with respect to the r layout, and the z layout by

subsequently tilting the weldment 90° with respect to the previous one.

It is worth noting that based on the axisymmetric geometry of the bars to be welded and
of the heat input, the following symmetry operations were assumed:

e 7=0

e Zaxis

Therefore, the strain scanning for each direction was performed in the second quarter of

the yz plane, with— 11 mm <y <0and 0 <z <48 mm.

Fig. 4 Scheme of the strain scanning layout and scanned areas for each measured

direction: r (left), 6 (centre) and z (right). Light red areas show the scanned area in each

layout (out of scale). Also, the joint position is indicated (yellow line). In each scanned

area a point of measurement (black dot) is shown with the corresponding K;, Kp and Q.
The xyz coordinate system fixed to the weldment is indicated



3. Analysis of residual stresses by numerical simulation

3.1. Generation mechanism of residual stresses in welding

During welding, a large amount of ¢ is supplied at the joint. The temperature
distribution is not uniform and changes with time, which causes different magnitude of
thermal strains in the joint and the HAZ. In addition, this uneven temperature
distribution can cause inhomogeneous volume changes induced by solid-state phase
transformations.

To adjust the different strains in the joint and the HAZ, elastic strains and/or plastic
strains are produced and consequently result in stresses.

The most important assumption to simulate this problem is that ¢ can be decomposed
into the sum of:

e=e+eP+e"+&" @)
where £°, &P, ¢™ and & are the elastic, plastic, thermal and phase transformation strain
tensors [19].

However, it is a highly nonlinear problem, and it is solved incrementally by numerical
simulation. In the incremental solution process, the time is divided into small
increments — from now on time steps At. Thus, the increment of the strain tensor Ae can
be expressed as [20]:

Ae=Ae"+Ae" +Ae"+ A" 4)

th ef

If £ can be included as a part of ¢™, an effective thermal strain tensor &¢™¢ can be

obtained. This simplification has indeed been used in literature [21, 22] and therefore,

thef can be written as:

Ae™ =Ae" + A" =aATS+Ae"
A&"™ =, ATS

for a given At, Ae

where a and ae are the linear and the effective thermal expansion coefficient, AT is the
temperature increment and ¢ the Kronecker tensor, respectively. Thus, equation (4) can
be rearranged as follows:

Ae=Ae"+Ag" +Ae"

Ae=Ae"+Ae" +a, AT

As a result, we have that;

e The RS generation mechanism was assumed as the result of the uneven thermal

strain field.
10



e To calculate RS field in the weldment the simulation procedure must compute

the elastic, plastic and thermal strain fields.

3.2. Formulation of the thermal analysis
The temperature field in the steel bars satisfied the Fourier’s conduction law in the
axisymmetric case:

a

ot

OT 10T o1
M—mt-——t+—
or ror oz

j‘*‘ &= pC;
where 4, p and Cp are the thermal conductivity, density and specific heat, respectively.
In our particular case, ¢ was supplied by an induction furnace and was calculated as
follows [23]:

&= r|E[
where « is the electrical conductivity and E is the electric field. For the formulation to

determine E, see references [24, 25].

The following radiation and convection boundary conditions were used (Fig. 5):

e On the protected and bare surfaces of the weldment:
AVT -0+ 0o ed (T =Toms) +€oratesies Tp (T =Ty ) =0
AVT -n4hg (T =T,0) +€eae 04 (T =T, ) =0
where n is the surface unit normal, h is the convection coefficient, e is the
surface emissivity, Tamp IS the ambient temperature and oy is the
Stefan-Boltzmann constant (5.67 x 10 W/m? K*).

e An insulation condition was applied at the surface in contact with the alumina
wool:
AVT -n=0

11



Bare surface

e. . h

Bare? " "Bare

<+—— [nsulated surface

Protected surface

eP.r otected > ~ " Protected

r
>

Fig. 5 Boundary conditions for the thermal analysis. The bare (light violet), insulated
(light green) and protected (blue) surfaces are indicated. In addition, the conducting
region — the steel bar (©;) — and the nonmagnetic region — the rest of the domain (€2;) —

are denoted

The simulations were performed with ELMER FEM software package [26] using 2-D
axisymmetric 3-node linear triangular elements. The weldment was meshed using
41505 nodes and 20256 elements.

The physical properties used in the thermal analysis were:

e p=7850kg/m® [27]
e A (W/meC)[27]

54-3.33x10°T 20°C <T <800°C
27.3 T>800°C

e Cp(JkgK) [27]

12



425+7.73x107T —1.69x10°T? +2.22x10°T*® 20°C<T <600°C

666 + 13002 600°C<T <735°C
738-T

545+ 17820 735°C<T <900°C
T-731

650 900°C < T <1300°C

e A mean value for egare = €protected = 0.22 Was selected [28].

e At the bare surfaces of the bars, hgare Was calculated using the correlation of
Churchill and Chu [29], obtaining hgare = 12.5 W/m? °C.

e At the protected surfaces of the bars, hprowectes Was calculated using the
correlation of Raithby and Hollands [30], obtaining herotected = 35 W/m? °C.

3.3. Formulation of the mechanical analysis
The equations governing the equilibrium of a body in the axisymmetric case are:

do. 0o, o0,—0O
rr + rz + rr [

or 0z r
aGZZ a(er UFZ
—Z g r_

0z or r

=0

(5)

neglecting body forces (e.g.: gravity).
Taking into account equation (3) and the Hooke’s law for an isotropic elastic material oj;

can be written as follows [19]:

_ e _ p th ef
O-ij =Cis &5 =C; (grs_grs — & )

ijrs ©rs ijrs

. (6)
I, J,r,s=r,6,z
Cijrs = Aé‘ijé‘rs +G(5ir5js +é‘isé‘jr)
A= Yv G- Y
@+v)@-2v) 2(1+v)

where Cj;s Is the elasticity tensor, A is the Lamé’s constant and G is the shear modulus.
However, to solve the equations (5) and (6), a criterium to calculate &P must be
determined if elastoplasticity is taking place. To that end, the von Mises yield criterium
was used, comprising an isotropic strain hardening rule [31].

The following displacement boundary condition were prescribed (Fig. 6):

e u=0atr=0
e uU,=0atz=0

e U=U,=0atr=z=0
13



r

-

Fig. 6 Displacement boundary conditions at the weldment. Constraints were applied at
the axis of symmetry (ur = 0, light green line), at z =0 (u, = 0, light violet line) and at

the origin (fixed point, black circle mark)

The simulations were performed with Code_Aster software package [32] using 2-D
axisymmetric quadrilateral bilinear elements. The weldment was meshed using 51961

nodes and 51300 elements.

The following physical properties were used for the mechanical analysis:

e Y, the elastic proportional limit (oprep) and o, were taken from the Eurocode 3:
Design of steel structures — Part 1-2: General rules — Structural fire design (EC3)
[27]. Fig. 7 shows the reduction factor k for Y, opop and oy at elevated

temperature, where:

Y (o 8 o, (T
M=y oDk, M= T i M= T
Y (20°C) prop 0,,(20°C) y ,(20°C)
e o IS defined as follows:
1 AL
Qg =——
L, AT

14



where Lo is the initial length of the sample. Liu et al [33] reported e
measurements for carbon steels at cooling rates from 5 to 20 °C/min — the latter
being selected both for the heating and cooling stage (Fig. 8).

e v: Stang et al [34] reported a mean value of 0.27 in the elastic range for low

carbon steel at ambient temperature.

=
=}

I o ©
» ()] [oe]
1 1 1

Reduction Factor k

o
N
!

0.0

400 600 800 1000 1200
Temperature (°C)

200

Fig. 7 Reduction factor k from ambient to elevated temperature for Y (red line), oprop

(blue line) and oy (black line)

oy x 10°5 (°CY)

500 550 600 650 700 750 800
Temperature (°C)

Fig. 8 aer vs temperature during cooling. The dips at 700 and 615 °C are indicating the
austenite/ferrite and austenite/pearlite phase transformations, respectively [33]
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4. Results

4.1. Microstructure at the joint and the heat affected zone

Both at the base metal (Fig. 9 (a)) and at the HAZ (Fig. 9 (b)) a ferritic/pearlitic
microstructure was observed. However, the grain growth at the HAZ due to the thermal
cycle was clearly visible. Regarding the joint, it was composed of a column of ferrite
grains perpendicular to z direction (= 50-90 um in width), with ferrite and pearlite
adjacent to it (Fig. 9 (c)).

Therefore, the joint and the HAZ had the same microconstituents as the base metal, and
a-Fe 211 Bragg reflection in ND scanning could be measured both at ferrite grains and

ferrite lamellae of pearlite.

16



Fig. 9 Microstructure of the weldment at: the base metal (a), the HAZ (b) and the joint
(c). The column of ferrite grains at the joint clearly contrasts with the nearby
ferritic/pearlitic microstructure. The z direction of the weldment (dashed line) is

indicated

4.2. Measured and simulated temperature at the joint
The temperature was measured at the joint during TLPB (Fig. 10, red circular marks) to
determine its agreement with the simulated thermal analysis. The simulated temperature

at the joint (Fig. 10, blue line) has a good matching with the measured data.

1400 a ! g g g

. E S o

o

S5

q.)1000_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -
2

© I I

8_ 800 4 ¥ i i i i

g 8004 ! : T
o] ¥ I I I

[t

600N

480 720 960 1200
Time (sec)

0 240

Fig. 10 Temperature evolution at the joint during TLPB. For the measured data (red
circular marks) the elapsed time t 8/5 = 390 sec is indicated (green solid lines). In

17



addition, the temperature at the joint obtained from the thermal-structural analysis (see
Section 3.2) is shown (blue line)

4.3. Residual Stress Characterization

With the &, & and g9 measured by means of ND strain scanning of the weldment and
equations (1) and (2) RS maps for each direction were obtained and are showed in Fig.
11. For each of them, two distinct regions (deep blue colour in Fig. 11) have RS peak

magnitudes associated with compressive stress states:

e Atthejoint: 0<z<10 mm

e Far from the joint: 40 mm <z <48 mm

The RS peak magnitudes associated with compressive stress states attained 140 MPa
(50.7% oay), 147 MPa (53.3% oy) and 145 MPa (52.5% o) for on, 0, and og
respectively. This compressive stress state is observed at least in the core of the
weldment — the region that extents up to y = 8 mm, and in the whole scanned area for o,
and ayp.

In addition, for oz, tensile RS reach up to y = 10 mm, with a peak value of 47 MPa.

18



orr (MPa) 077 (MPa) o P

50

-100

-150

-10-8-6-4-20 -10-8-6-4-20 -10-8 -6 -4 -2 0
y (mm) y (mm) y (mm)

Fig. 11 Measured RS scanning at the weldment for o, 6;;, and ag9. The measured points

are indicated with black dots. Dashed line: g;j=0fori=r, 6, z

4.4. Simulated residual stresses at the weldment

Fig. 12 shows the simulated RS obtained from the thermal and structural analysis. As
for the experimental values, the core of the weldment is under a compressive stress state
and RS peak magnitudes are also observed at the joint and far from the joint.

In addition, it can be observed that:

e For o5, the compressive RS peak far from the joint is observed closer from the

joint compared with oy and oys.

19



e For o, and oy, tensile RS reach the core of the weldment. In particular, for o,; a
tensile RS peak magnitude of 99 MPa was obtained. Therefore, a slight
overestimation of the tensile RS is observed outside the core of the weldment.

orr (MPa) 077 (MPa) 9o (MPa)
_ — 100
45 45
50
40 40
0
35 35 - 50
30 301 -100
'€ o5 E 254 -150
£ £
N N
20 20 4
15 15 -1
10 10 -
5 54
0 0
-10-8-6-4-20 -10-8-6-4-20 -10-8 -6 -4 -2 0
y (mm) y (mm) y (mm)

Fig. 12 Simulated RS at the weldment for oy, 62, and ogy. Dashed line: gii =0 fori=r, 6, z

5. Discussion

5.1. Agreement between the simulated and the measured residual

stresses
The simulated and measured oy, 0;; and ag9 Were compared along the z direction as
follows:
e y=0mm, at the symmetry axis of the welded bars (Fig. 13)
20



e y=—1mm (Fig. 14)
e y=-3mm (Fig. 15)
e y=-5mm (Fig. 16)
e y=-—8mm (Fig. 17)

e y=-11 mm, nearby the outer surface (Fig. 18)

For a measured RS at a given point, it was considered that a good agreement was
reached when the simulated data was within two times the average uncertainty value of
the measurement (the average uncertainty value was 41 MPa).
The data set contains 18 comparisons along the z direction of the simulation against the
experimental values. The simulated values were:
e Estimating very well the experimental data for a considerable part of the data set
(10 of 18 comparisons)
e Underestimating the experimental data for o,; and ogy at y = 0 mm (Fig. 13) and
=—1mm (Fig. 14)
e Overestimating the experimental data for o; and o4 at y = — 8 mm (Fig. 17) and
y =—11 mm (Fig. 18)

Therefore, the simulated values were properly reproducing most part of the data ranging
fromy =0 mmtoy=- 11 mm. Some systematic overestimation occurred for absolute
values of the RS near y = 0 mm and y = — 11 mm, but it is very difficult to assess its
origin. For example, they could be related to parameters used in the thermal and
mechanical analysis — the physical properties were assumed as constants or temperature
dependent selected from the available literature, and/or to the experimental setup — the
symmetry conditions could not be strictly met due to slight misalignments.

Nevertheless, in 92.4% on the measured positions the simulated values were within two
times the average uncertainty value of the measurement. Therefore, a good agreement

was obtained between the simulated and measured RS.

21
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Fig. 13 Measured (circle marks) vs simulated RS (solid line) as a function of the
distance from the joint (z) at y = 0 mm for o, o;; and ay. The error bars of data points
are also shown. Red symbols: positions in which the measured and simulated RS are not

in good agreement
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Fig. 14 Measured (circle marks) vs simulated RS (solid line) as a function of the

1 mm for oy, o;; and oyy. The error bars of data points

distance from the joint (z) at y

are also shown. Red symbols: positions in which the measured and simulated RS are not

in good agreement

23



Distance (mm)

z (mm)

10 15 20 25 30 35 40 45 50

z (mm)

Fig. 15 Measured (circle marks) vs simulated RS (solid line) as a function of the

and agy. The error bars of data points

3 mm for oy, oy,

distance from the joint (z) at y

are also shown. At all positions the measured and simulated RS are in good agreement

24



120 | L | L | L | L | L | L | L | L | L | L

80 +

40 -

-40 -

orr (MPa)

-80 -
-120

-160

-200

Z (mm)

10
80—-1
a0l
o).

-40 -

o7z (MPa)

-80
-120 +

-160 +

-200 -

Z (mm)

120 b
B0
a0
0-1

-40 -

o gy (MPa)

-80 -

-120 ¢

-160 -

-200 A A———————————————————
0 5 10 15 20 25 30 35 40 45 50

Z (mm)

Fig. 16 Measured (circle marks) vs simulated RS (solid line) as a function of the
distance from the joint (z) at y = —5 mm for o, 6,; and ogy. The error bars of data points

are also shown. At all positions the measured and simulated RS are in good agreement
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Fig. 17 Measured (circle marks) vs simulated RS (solid line) as a function of the

and agy. The error bars of data points

07z

8 mm for oy,

distance from the joint (z) at y

are also shown. Red symbols: positions in which the measured and simulated RS are not

in good agreement
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Fig. 18 Measured (circle marks) vs simulated RS (solid line) as a function of the

11 mm for oy, 67; and agy. The error bars of data

distance from the joint (z) aty

points are also shown. Red symbols: positions in which the measured and simulated RS

are not in good agreement
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5.2. Residual stress state analysis at the core of the weldment

The core of the weldment was under a compressive stress state in all the measured
directions as shown in Fig. 11. Considering that RS generation mechanism is related to
the uneven thermal strain field (see Section 3.1), the compressive stress state at the core
of the weldment must be related to the temperature field at a particular instant of time of
the TLPB thermal cycle. This is indeed the case as shown in Fig. 19 representing the
calculated temperature field at the start of the cooling stage. It is worth noting that as the
temperatures are higher than 760 °C (minimum range in the figure) the whole region
was partially/fully austenized (the lower and higher critical temperatures on heating are
Ac1 = 725 °C and Acs = 875 °C [35] ?) and transformed into ferrite and pearlite when
cooled down to ambient temperature.

It is the large volume in which ¢ is delivered at the joint of TLPB weldments during the

thermal cycle:

e The simultaneous heating of the whole joint to Tp (1300 °C)
e The holding time of the whole joint at Tp during t, (7 min)

which produced this large extension of the partially/fully austenized region and led to
low cooling rates with a remarkable t 8/5 of 390 sec. This large value of t 8/5 is a
distinctive feature of TLPB compared with AW. Typical values of t 8/5 for AW range
from a few seconds for gas tungsten arc welding to less than a minute for submerged arc
welding [8].

Consequently, the large volume in which g is delivered is the driving force to reduce RS

peak magnitudes.

Aci1 is the temperature which corresponds to the boundary between the
ferrite-cementite field and the fields containing austenite and ferrite, while Acs is the
temperature which corresponds to the boundary between the ferrite-austenite and
austenite fields (during heating of ferritic steels).
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Fig. 19 Calculated temperature field at the start of the cooling stage in the region where
RS were scanned. The dashed line indicates Acs, showing that up to 40 mm from the
joint full austenization was achieved. Partial austenization is achieved for z > 40 mm

5.3. The heat input and its relationship with the microstructure and the

ultimate tensile strength of the weldment
The large volume in which ¢ was delivered in TLPB resulted in a wide HAZ with a

microstructure composed of coarse-grained ferrite and pearlite (Fig. 9 (b)). This HAZ
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microstructure differs from that of the base metal (Fig. 9 (a)). In addition, TLPB low
cooling rates lead to mechanically soft high-temperature microconstituents (e.g.: coarse
pearlite) [36].

TLPB was successfully applied to low carbon steel structural components using the
same filler material as in the present manuscritp — Metglas® SA1 amorphous metallic
foil of the Fe-Si-B system with a thickness of 25 pum. The ultimate tensile strength
(UTS) of the tested specimens from TLPB weldments carried out in the same manner as

in the present work was reported for:

e Hot-rolled seamless steel tubes [37].

e Hot-wrought low carbon steel bars [38].

In both cases, all the tested specimens broke at the HAZ, far from the joint, with a UTS
of at least 96% of that of the corresponding base metal.

Therefore, for TLPB of ferritic weldments in the as-welded condition we have an
excellent UTS (comparable to the base metal). All together with the low RS peak
magnitude (147 MPa) achieved for TLPB these results assess the high performance of

this welding process.

6. Conclusions

For the first time the RS field was measured by ND in a TLPB ferritic weldment using
Fe-based amorphous metallic foils as filler material. In addition, numerical simulations
of the RS field at the weldment were carried out assuming that RS generation
mechanism were the result of the uneven thermal strain fields. This included a thermal
analysis to determine the temperature field during the thermal cycle of TLPB from
which RS were calculated by a mechanical analysis. Finally, the agreement between the
measured and simulated RS was analysed.

The main conclusions are:

e The measured RS attained a peak magnitude of 147 MPa in the as-welded
condition which are considerably lower compared with AW with values close to
oy (276 MPa).

e The simulated and measured RS are in good agreement. Therefore, the proposed

numerical simulation model can be used to predict RS in TLPB weldments.
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e The large volume in which ¢ was delivered at the joint of TLPB produced a
large extension of the partially/fully austenized region, much lower cooling rates
and a large t 8/5.

e The large volume in which ¢ is delivered is the driving force to reduce RS peak
magnitudes.

e Consequently, TLPB of ferritic weldment offers an UTS which almost attained

that of the base metal, while greatly reducing RS in the as-welded condition.
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