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Abstract

Cold-finished carbon steel bars were bonded by means of the transient liquid phase
bonding (TLPB) process using amorphous metallic foils of the eutectic Fe-B

composition as filler material. A homogeneous microstructure throughout the joint was



obtained. Traces of borides in the middle of the joint were the only distinguishable

microconstituent from the base metal due to the TLPB process.

The B concentration profile across the joint was measured by neutron radiography and
was found to be composed of a central sharp peak with a maximum concentration of
15.9 ppm B superimposed over a broad peak (base width of = 5 mm) with a maximum
concentration of 13.3 ppm B. Owing to this low range of B concentrations, boride
precipitation was almost suppressed, and only a scarce number of borides were

observed at the joint.

The resulting boride structure was identified as Fe,3Bg by synchrotron microfocused X-

ray diffraction, and its stabilization at room temperature is discussed.

The bonded samples were subjected to a bend test, with a bending angle of 180°, and no
cracks were observed. In tension tests, the bonded samples attained an ultimate tensile
strength (UTS) of 434 MPa, an elongation of 32.3% and a reduction area q of 51.2% -
78.6%, 165.6% and 75.4%, respectively, of the base metal. The fracture of the bonded
samples occurred at the joint. It was determined that the decrease in UTS compared
with that of the base metal was due to the recovery, recrystallization and grain growth
that occurred during the TLPB thermal cycle. In addition, from fracture surface
observation, it was found that the decrease in ¢ in bonded samples was caused by the
presence of traces of borides at the joint, which were the result of the liquid phase that

solidified during the cooling stage.
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1. Introduction

Brazing is a widespread bonding technique for metallic, ceramic, composite and
dissimilar base materials [1]. The base materials are bonded by heating them to the
process temperature Tp in the presence of a filler material. Tp is above the liquidus
temperature of the filler material and below the solidus temperature of the base material.
Therefore, only the filler material melts, and its solidification during cooling from Tp
produces the joint *. Brazing filler materials are supplied in the form of powders, pastes,

tapes and foils.

Brazing foils of amorphous metallic glasses (AMGS) are typically produced by melt
spinning [2] for brazing of metallic base materials - from now on, the base metal.
However, the mechanical properties of the brazed joints are well below those of the
base metal. This is due to the chemical composition of AMGs, which may contain B, Si
and P - from now on, the solutes. As a result, the formation of intermetallic compounds,

such as borides [3], silicides [4] and phosphides [5], occurs during cooling.

To address this problem, the transient liquid phase bonding (TLPB) was developed [6].
It promotes solute diffusion into the base metal by holding Tp for a prescribed time ty, to
reduce solute concentration of the liquid phase between the bonding surfaces [7].
Indeed, strong, ductile, intermetallic-free joints were obtained by TLPB using foils of
Ni-based AMGs alloyed with B and Si as filler material and carbon [8] and low-alloy
steels [9] as base metal. However, an abrupt microstructural change was observed
between the joint and the neighbouring base metal, which was due to the joint

enrichment with Ni - a strong austenite stabilizer [10] - from the filler material.

! The joint is the region where the microstructure and/or the chemical composition
differs from that of the base metal.



The same phenomena were observed in TLP-bonded carbon [11] and low-alloy steels
[12] using foils of Fe-based B- and Si-alloyed AMGs as filler material. The joint
enriched with Si exhibited an intermetallic-free fully ferritic microstructure, since Si is a

ferrite-forming element [13], which clearly contrasts with the base metal.

This steep gradient in microstructure - and consequently in mechanical properties -
leads to an inhomogeneous joint. However, adjusting both the chemical composition of
the AMG and the TLPB thermal cycle to enable acceptable mass diffusion of solutes

into the base metal can reduce or suppress this microstructure gradient.

AMGs of the binary Fe-B system at its deep eutectic were extensively investigated [14].
Despite it does not have the same glass-forming ability of brazing AMGs, B is the only
solute of this filler material. Regarding its effects on steel, B is added to enhance its
hardenability [15]. Therefore, its influence on the steel microstructure can be suppressed
by avoiding high cooling rates, e.g., cooling in still air. In addition, small amounts of B,
on the order of 8 to 50 ppm [16], must be added to avoid the precipitation of borides,

which usually occurs at prior austenite grain boundaries (PAGBS).

Amorphous metallic foils composed of eutectic Fe-B were used to study the effect of
applied pressure p in TLP-bonded low-carbon steel tubes [17]. However, neither the

structure of borides nor the mechanical properties of the joint were determined.

In this context, detecting B is necessary. This can be done in ferrous alloys by neutron
radiography (NR) and tomography, which proved to be successful in TLP-bonded steel
tubes using foils of Fe-base B- and Si-alloyed AMG [18]. In addition, the mean linear

attenuation coefficient z of B in steel for the given neutron energy spectrum was

determined.



In this work, with the aim of obtaining a joint with a homogeneous microstructure,
amorphous metallic foils composed of eutectic Fe-B were used for TLPB of carbon
steel bars as base metal. A complete microstructure characterization was performed
throughout the joint, which revealed a predominantly homogeneous microstructure. The
structure of the scarce number of borides found at the joint was determined by
synchrotron microfocused X-ray microdiffraction. Concerning solute distribution, the B
concentration profile across the joint was measured by NR. In addition, both the
strength and ductility of the bonded samples were compared with those of the base

metal by tensile and bend tests.



2. Materials and Methods

The TLPB process was applied to join cold-finished carbon steel bars ASTM A108
1008 [19], whose composition is given in Table 1. The steel bars had a diameter of 25
mm. Amorphous metallic foils with the eutectic Fe-B composition (Fegs.19B3.81 Wt.%

(Fes3B17 at.%), thickness of 25 pm) were used as filler material.

Table 1

Chemical composition of the base metal in wt.% (at.%).

C Mn Si S P Cr Ni

007  1.090 0240 00177 00278 00124  0.0068
(0.515)  (1.148)  (0.494)  (0.0319) (0.0519) (0.0138) (0.0067)

Al Cu Vv Ca Zn B

00033 00517  0.007 0.0002 0.0056 -
(0.0071) (0.0471) (0.0007) (0.0002) (0.0050)

The thermal cycle of the TLPB process consisted of heating the bonding surfaces of the
bars in contact with the filler material to Tp = 1300 °C, holding this temperature for t, =
7 min and finally cooling the joint to room temperature. During the thermal cycle, a
pressure p =5 MPa was applied to the bars in the axial direction. The bonding process
was carried out in an inert Ar atmosphere. For further details regarding the TLPB

process and sample preparation, see reference [20].

2.1 Microstructure characterization

To characterize the morphology of the phases and to determine the microconstituents at

the joint, scanning electron microscopy (SEM) was used. To this end, the samples were



included in conductive compression mounting resin. Afterwards, the samples were
polished with grinding papers (#100, #220, #400, #600 and #1200), diamond pastes (6
pm and 1 pm) and alumina suspensions (0.3 pm and 0.05 um). For electron backscatter
diffraction (EBSD) acquisition, the samples were finally subjected to vibratory

polishing with colloidal silica (0.05 um) for 10 h.

Secondary electron images were acquired via field emission (FE) SEM (FEI Quanta
250, ZEISS GeminiSEM 360) under standard operating conditions. EBSD maps were
obtained using FE-SEM (ZEISS Sigma, equipped with a Schottky electron gun). For the
acquisition, AZtec software was used to control the NordlysNano detector (Oxford
Instruments), which was equipped with a CCD camera (1344x1024 pixels) and a 40
mm x 35 mm front phosphor screen. The SEM parameters used for EBSD map
acquisition were 20 keV incident energy, 60 um aperture, 8.5 mm working distance and

70° tilt angle. 8%8 binning was used for the CCD camera.

To achieve reliable cleaning of the non-indexed points of Fe-BCC phase without
affecting the non-indexed areas associated with particles, initial postprocessing was
performed to clean non-indexed points. In this postprocess, the non-indexed points

exhibiting:

e A band contrast greater than 25

e At least one indexed Fe-BCC phase first neighbour

were reindexed as Fe-BCC phase, with an orientation given by the average of the
orientations of their neighbours. Afterwards, the MTEX toolbox fill routine was used to
fill missing data in the orientation maps [21]. Following this cleaning routine, maps

were further analysed using AZtecCrystal software.



Quantitative chemical composition profiles of Mn and Si across the joint were obtained
via electron probe microanalysis (EPMA) (JEOL JXA 8230). To this end, square bar
specimens (8x8 mm?) were cut from the core of the TLP-bonded bars by means of wire

electrical discharge machining (WEDM), as shown in Fig. 1.

Quantitative point and zone measurements - in addition to qualitative maps of elements
- were carried out by Energy-dispersive X-ray spectroscopy (EDS). These
measurements were performed in a JEOL JSM-6510LV SEM - in backscattered mode,

which was equipped with an Oxford X-MaxN 50 EDS with a 50 mm? detector.

The sample preparation for chemical composition characterization was the same as that

for microstructure analysis.

Applied
pressure Filler
~ material

Steel Bar/

Steel Bar Applied ND
pressure




Fig. 1 (a) Scheme of the joint of the TLP-bonded bars. The position of the filler material
with respect to the bars to be bonded and the direction of p are depicted. The square bar
specimen cut by WEDM from the centre of the bonded sample is shown. The radial
direction (RD), longitudinal direction (LD) and normal direction (ND) are also
indicated; (b) Image during the TLPB process, in which it is highlighted the position of
the joint, the inductor of the induction furnace, the thermocouple, the Pyrex tube to
contain Ar atmosphere, and the alumina wool to seal between the Pyrex tube and the

steel bars

2.2 Quantitative B concentration measurement

The B concentration profile across the joint was determined by means of NR on the
ANTARES beamline at the Forschungs-Neutronenquelle Heinz Maier-Leibnitz (FRM
I1). The experimental arrangement was the same as that described by Schulz et al [22]
and Di Luozzo et al [18]. A beam collimation ratio L/D = 500 was used, where L and D
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are the collimator length and its aperture diameter, respectively. The images obtained by
a Gd,0,S scintillator were projected by a mirror and a Leica 100 mm /2.8 macro lens
onto an Andor Neo sSCMOS camera (2560x2160 pixels), giving an effective pixel size

of 19.8 um/pixel. As a result, a spatial resolution of = 50 pum was obtained.

At any point in the obtained NR image, the normalized transmittance ¢ was calculated as
follows:

ID - DI
(1)

ro -
I, OB-DI
where Iy is the incident neutron intensity, I is the transmitted neutron intensity, and ID,
OB and DI are the image data, open beam and dark image conditions, respectively.
Stacks were recorded to obtain the final images in each condition: 345 images for both
ID and OB conditions and 18 images for DI condition. The exposure time for each
image was 90 s. Median filtering only along LD was used in the final z image to
improve the signal-to-noise relationship. For further details regarding NR, see reference

[18].

2.2.1. Calculation procedure

In addition to equation (1), = can also be calculated by means of the Beer-Lambert

transmittance law:

—Ew

|
r=|—=e (2)
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where 4 is the mean linear attenuation coefficient for a given neutron energy spectrum

and w is the thickness of the sample. Specifically, we are interested in the normalized

transmittance per unit thickness z’. From equation (2), we obtain:
~inz=a (3

where ;- is the mean linear attenuation coefficient for a given neutron energy spectrum

per unit thickness (w = 1 cm).

Except for the traces of borides 2 at the joint, the same microstructure is observed
throughout the sample (see Section 3.1. Microstructural analysis). Therefore, the only
difference between the joint and the base metal is its B concentration: the higher the B
concentration is, the greater the neutron absorption and, consequently, the lower the
transmittance. In addition, we assume that all the B content is soluble B and that the
maximum B concentration is within the specified range of B-alloyed carbon steels - 30

ppm maximum (e.g., Class 8.8 [23]).

Considering the high absorption cross section of °B, with an abundance of 19.4% in

natural B [24], and equation (3), at any given point of the sample, we have:

i at the base metal —Inz IBase Metal = H 'Base Metal (4)
e atthe joint [25]:

' —, |_ H |Base Metal /’7|B —l
- In z Joint = H Joint = p.]oint | a)Base Metal + a)B | (5)

pBase Metal pB J

2 Borides are formed from the remaining liquid phase after t, at Tp and solidifies during
cooling.
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where w and p are the mass fraction and the density, respectively. However, we know

that at the joint [18]:

o, =1x107°/2x10° and @4 0 e =1 (6)
Therefore, considering (6), we can assume the following:

Point = Poaserernr (1)

Finally, equation (5) can be rewritten as:

I [ I ] pB 1 _
( N7 gasemetat — N T j5int ) - @y (8)
pBase Metal H B

# 'y in low carbon B-alloyed steels was already measured for the ANTARES energy

spectrum - 424.8 cm™ [18]. Therefore, for a given z profile across the joint, wg can be

calculated from equation (8).

2.3. X-ray microdiffraction

Microfocused X-ray microdiffraction was performed at beamline ID27 of the European

Synchrotron Radiation Facility (Grenoble, France) [26] in transmission geometry. A

microfocused - 4.5 x 4.5 um? - high resolution monochromatic beam was achieved by

two bent Kirkpatrick-Baez mirrors.

13



A 20 pm thick sample from the joint and the neighbouring base metal enabled a proper
transmission signal ® and allowed direct microfocusing on borides with low detection
volume limits (~ below 500 pm®) when combined with a microfocused beam and

micropositioning of the sample.

X-ray diffraction patterns were recorded with a Perkin-Elmer flat 2D panel detector, and
the sample was rocked £ 15°, with an acquisition time of 10 sec for each collected
image with a step size of one degree. Lanthanum hexaboride (LaBg) powder (NIST
Standard Reference Materials 660c [27]) was used to calibrate the detector geometry and
wavelength (0.37631(3) A) using the Dioptas graphical interface [28] and pyFAl [29]
calibration procedure. Subsequently, the Dioptas graphical interface and pyFAI
integration procedure were used to integrate the 2D experimental data to obtain 1D

intensity vs 20 diffraction patterns.

Analysis of the diffraction data based on Rietveld analysis of the full profile was

performed using the GSAS-I11 [30] suite package.

2.4. Mechanical properties characterization

2.4.1. Tension tests

Tension tests were conducted to provide information on the strength and ductility of the

bonded samples under uniaxial tensile stresses according to ASTM E8M [31].

From the tension tests, the ultimate tensile strength (UTS), e and reduction area (q) were

measured.

¥ A'1 mm thick sample was cut from a square bar specimen (as shown in Fig. 1 (a)),
which was thinned down to 20 pm by grinding.

14



Standard round tension test specimens with a diameter of 12.5 mm and gauge length of

62.5 mm were machined from the bonded samples.

2.4.2. Bend tests

Bend tests on test specimens taken from the bonded samples were carried out according

to 1ISO 5173:2023 [32] to determine their ductility on or near the surface.

The tests were carried out by placing the test specimens on two parallel rollers, with the
joint at the midpoint between the rollers. The tests were completed when the specimen

was ejected from the bottom of the fixture.

Regarding the shape and dimensions of the test specimens, bars 13 mm in diameter and
180 mm in length were machined from the bonded samples. The diameter of the former
was 52 mm, the distance between the rollers was 78 mm, and the roller diameter was 30

mm. Therefore, the elongation e on or near the surface was 20%.

15



3. Results

3.1. Microstructural analysis

The microstructure at the base metal is composed of ferrite and pearlite (Fig. 2) in the
same way as the joint (Fig. 3). Inclusions smaller and bigger than 5um - from now on,
small and large inclusions, respectively - can be seen. In fact, traces of inclusions are the
only reference for the position of the bonding surfaces after the TLPB process (Fig. 3,
dashed line). Therefore, a ferritic/pearlitic microstructure is observed throughout the
joint. Small (Fig. 3, arrow mark) and large inclusions (Fig. 4) are found in the middle of

the joint.

Away from the joint, the heat affected zone (HAZ) is observed. In this zone, the grain
growth of the ferritic/pearlitic microstructure of the cold-finished base metal due to the

thermal cycle of the TLPB process (Fig. 5) is evident.

Regarding grain size, a statistical analysis was carried out according to ASTM E112-13

(2021) [33]:

e Base metal (ferrite grains) - Mean Lineal Intercept Length (1) = 16.5 um;
Standard Deviation (s) = 3.0 um; 95 % Confidence Interval (95% CI) =2.2 um;
Percent relative accuracy (% RA) = 13.2; ASTM Grain Size N° (G) =8.5 +0.5.

e HAZ (ferrite grains) - 1=17.6 pm; s = 3.0 um; 95% CI=2.2 um; % RA = 12.4;
G=85%05.

e HAZ (pearlite grains) - 1=96.6 um; s = 17.4 um; 95% CI = 12.5 um; % RA =

12.9;G=35%0.5.

16



Fig. 2 Microstructure characterization of the base metal by SEM. The dark and light
microconstituents correspond to ferrite and pearlite, respectively. In addition, the scale

bar and RD and LD are indicated

17



Fig. 3 Microstructure characterization at the joint by SEM showing the ferritic/pearlitic
microstructure (dark and light microconstituents correspond to ferrite and pearlite,
respectively). A small inclusion and the estimated position of the middle of the joint are

denoted with an arrow and a dashed line, respectively. In addition, the scale bar and RD

and LD are indicated

® (0-90°)

¢2
(0-90°)

(0-360)

Fig. 4 Microstructure characterization by EBSD at the joint where large inclusions were
found. Euler-coloured orientation image map of Fe-BCC, together with the coloured
space used for the Euler angle description. Grain boundaries (6 > 5°, where 4 is the
misorientation angle) are denoted with black lines. Large inclusions (square marks)
together with the estimated position of the middle of the joint (dashed line) are denoted.

In addition, the scale bar and RD and LD are also indicated
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Fig. 5 Microstructure characterization of the HAZ by SEM showing the ferritic/pearlitic
microstructure. The grain growth of the microstructure of the base metal is evident due
to the thermal cycle of the TLPB process. In addition, the scale bar and RD and LD are

indicated

3.2. Chemical concentration profiles across the joint

3.2.1. B measurements by neutron radiography

The neutron radiography image of the bonded sample is shown in Fig. 6. A darker line
parallel to RD is visible, which indicates the peak neutron absorption in the middle of

the joint (Fig. 6; white arrow mark).

Fig. 7 shows the 7 profile perpendicular to the joint from Fig. 6. With the aim of
increasing the statistics, the z profile is 6.5 mm width (Fig. 6; yellow shaded area). The
base metal baseline can be distinguished as = 0.4082. In addition, a broad z dip (base
width of = 5 mm) can be observed, with a sharp minimum dip in the middle of the joint

(Fig. 7; arrow mark).

By means of equation (8), the B profile was calculated and is shown in Fig. 8. At the

middle of the joint, a sharp peak with a maximum value of 15.9 ppm B is superimposed

19



over a broad peak with a base width of = 5 mm and a maximum value of 13.3 ppm B.
The broad peak corresponds to the diffusion of B from the filler material to the base
metal during the TLPB process, while the sharp peak corresponds to the presence of

traces of borides at the middle of the joint.

The error estimation of the B concentration measurements, AB, was carried out by
evaluating the transmittance noise at the base metal in Fig. 6. The transmittance error
bound Az = 7 x 10™* was measured, and through equation (8), we obtained AB = 1 ppm

B.

3.2.2. EPMA measurements

The Mn and Si gradients across the joint are shown in Fig. 9. A small impoverishment
of these elements can be seen at the joint. This is due to the alloying elements of the
filler material. To carry out the TLPB, the filler material - a eutectic Fe-B alloy - was
positioned between the bars to be bonded. However, B from the filler material rapidly
diffused into the base metal during the TLPB process, with a final concentration of a
few tenths of ppm B or less. As a result, diluted Mn and Si concentrations were found at

the joint with respect to the base metal.

20



Fig. 6 Neutron radiography image of the sample. The darker line parallel to RD
indicates the peak neutron absorption in the middle of the joint (white arrow). The
yellow shaded area indicates the analysed area, and the black arrow indicates the
direction of the z profile shown in Fig. 7. At both ends of the sample, clamping devices

can be observed. In addition, the scale bar and RD and LD are indicated

0.4085
0.4065
0.4045 -
0.4025+
0.4005

Normalized Transmittance ¢

0.3985
0

Distance (mm)

Fig. 7 Normalized transmittance 7 profile (black rectangles) across the joint and the base
metal next to it. The base metal transmittance of 0.4082 is indicated (dashed line). A
wide 1 dip, accompanied by a sharp minimum dip in the middle of the joint, can be seen
(arrow mark). In addition, the error bars (in red) based on the transmittance error bound

- At-5x10™ - are shown
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Distance (mm)

Fig. 8 B concentration profile obtained by neutron radiography (black rectangles) across
the joint and the base metal next to it. A sharp peak concentration (arrow mark) is
superimposed over the B gradient across the joint. In addition, the error bars (in red)
based on the estimation of the B concentration measurement error AB - 1 ppm B - are

shown

1.30 f f f f
1.254 ‘ 3 : i
1.20+
1.15+
1.10+
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1.00+

wt.%

0.30»fAffAfA}AffAf&f—fA fffffff AAA«

0.25 it A A B :

0.20 : i : i

0 10 20 30 40 50
Distance (um)

Fig. 9 Mn and Si concentration profiles obtained by EPMA (blue rectangles and red

triangles, respectively) across the joint
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3.2.3. EDS measurements at inclusions

EDS qualitative map and quantitative point and zone measurements at small and large

inclusions were carried out at the middle of the joint.

In Fig. 10 an EDS qualitative maps of Fe, O, Mn and Si are shown, corresponding to a
small inclusion. At the cross mark, a point EDS measurement was done (spectrum
results are shown in Table 2). In addition, C on the surface of the sample from

hydrocarbon-based contaminants was also detected in all EDS measurements.

Another small inclusion - shown in Fig. 11 - was analysed with an EDS quantitative
point measurement. Fe, Al, Mn and Si were detected (spectrum results are shown in

Table 2).

On the other hand, an example of a large inclusion is shown in Fig. 12, where an EDS
qualitative maps of Fe, O, Mn and Si and an EDS quantitative zone measurement was

carried out (Fig. 12 rectangle mark). Fe, O, Al, Si and Mn were detected (spectrum

results are shown in Table 2).
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Fig. 10 EDS qualitative maps of Fe, O, Mn and Si of a small inclusion at the middle of
the joint. A cross mark indicates where the EDS quantitative point measurement was

carried out. In addition, scale bars are shown

RD

2 um

AR

Fig. 11 EDS quantitative point measurement at another small inclusion at the middle of
the joint. A cross mark indicates where EDS was carried out. In addition, a scale bar is

shown
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I ——

Fig. 12 Large inclusion at the middle of the joint in which EDS qualitative maps and

quantitative zone measurements were carried out. In addition, a scale bar is shown
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Fig. 13 EDS qualitative maps of Fe, O, Al Si and Mn of the large inclusion in Fig. 12.

In addition, scale bars are shown
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Table 2

EDS quantitative measurements results, in wt.%. The standard deviation is indicated in

brackets.
Figure C Fe Mn Si Al @)
10 16.8(0.3) 42.2(0.2) 18.3(0.2) 3.4(0.1) 0.5(0.0) 18.9 (0.2)
11 16.7 (0.3) 80.9(0.3) 0.96 (0.08) 0.20(0.04) - 1.28 (0.11)
12 9.1(0.2) 77.3(0.3) 0.6(0.1) 1.2 (0.0) 5.1(0.1) 6.7 8 (0.1)

27



3.3. Large inclusion structure determination

The results of Rietveld refinement using GSAS-I1I performed on one of the large
inclusions are shown in Fig. 14. Ferrite and Fe,3Bg boride cubic phases and an Fe;C
structure type orthorhombic phase (present in the form of minor traces) were used in the
refinement. The final agreement parameters were an unweighted profile R factor (Rp) =
5.789% and a weighted profile R factor (Rwp) = 7.819%. The cell parameters are
2.86406(5) A for ferrite, 10.6801(2) A for Fe,3Bg and a=5.055(2) A, b =6.726(2) A

and ¢ = 4.537(2) A for the Fe;C structure type phase.

600 -~ 1 Ferrite ]
500 - 1 Fe,;Bg
400 4 | FesC
+ obs.
——calc. 4
— diff.

Sqrt (Intensity)
w
o
o
1

200 ~
100 ~
0 M e ¢
-100_ \HII\ n \ | | IIII_
Trrrrrrr 1o
5 10 15 20 25

26 ()

Fig. 14 Results of Rietveld refinement using GSAS-I1 for the ferrite, Fe,3Bg and FesC

structure type phases

3.4. Mechanical properties

3.4.1. Tension tests
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The results of the tension tests are shown in Fig. 15 and Table 3. Three specimens were
tested from the base metal and the bonded samples. The average value and error of UTS
and e are indicated.

From Fig. 15 and Table 3, we observe that the bonded samples attain an UTS of 434
MPa, an e of 32.3% and a q of 51.2% - 78.6%, 165.6% and 75.4%, respectively, of the

base metal.

600

500 - ----4-Ng--F-----4----- -
400 4----

300 4./ ---

o (MPa)

2004 -----

N U I -

100 4 -----d-mmmm b d -

0

o
H
o
[N}
g
w
o
N

0.0

Fig. 15 Stress-strain curves of one of the specimens from the base metal (blue line) and

the bonded sample (red line)

Table 3

Average mechanical properties determined in the tension test. The errors are indicated

in brackets.
Fracture
0 0,
UTS (MPA) e (%) q (%) position
Base Metal 552 (11) 19.5 (0.4) 67.9 (5.5) Not applicable
Bonded ..
Sample 434 (9) 32.3(0.4) 51.2 (2.3) At the joint

3.4.2. Bend tests
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The results of the bend tests are shown in Table 4. Three specimens from the bonded
samples were tested. The average value and the error of the peak charge are indicated.
Since the measured e of the base metal was 19.5 + 0.4, the bend test was carried out at
the standard value of e = 20%, with a bend angle of 180°. As a result, no cracks were

observed.

Table 4

Bend test results for the base metal and bonded samples. The errors are indicated in

brackets.
Specimen Peak charge
. Fracture appearance
(®) (N)
Base metal 19581 (392) Absence of imperfections

Bonded sample 13930 (290) Absence of imperfections
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4. Discussion

4.1 Types of inclusions at the middle of the joint

Llovet et al [34] showed the difficulty of measuring quantitatively B by EPMA.
Portebois et al [35] only measured B by EPMA and the rest of the elements by EDS in

Nb alloys. These difficulties are mainly due to:

e Overlapping X-ray lines
e Chemical bonding effects on peak position between standards and samples to be

measured

e Large potential error due to large absorption of the elements of the matrix

In our case, with a steel matrix, B was not detected by EDS. Therefore, it was detected
indirectly: inclusions with a noticeable Fe content and small amounts of other elements

were assumed to be composite inclusions with borides.

From Table 2, we can determine:

e In Fig. 10 the small composite inclusion consists in a small boride with MnO

and traces of SiO,-Al,0;.

e In Fig. 11 the small composite inclusion consists in a small boride with traces of

MnO.

e InFig. 12 the large composite inclusion consists in a large boride with Al,O3

and traces of MnO-Si0s,.
These composite inclusions containing borides took place due to:

¢ Borides at the middle of the joint are the result of the liquid phase that solidified

during the cooling stage.
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e During solidification, any insoluble inclusions within the liquid phase are

dragged by the solid-liquid interfaces towards the middle of the joint [36].

Consequently, the final solidification product are composite inclusions composed
mostly of borides - in particular the Fe,3Bgs cubic phase , and of varying contents of

Al,O3, MnO and Si0,.- which are common inclusions in steel.

4.2. Formation of Fe,3Bg at the joint

From microfocused X-ray microdiffraction, it was determined that borides were
composed of Fe;3Bg (Fegs.19Ba.g1 Wt.% (Fez9.31B20.69 at.%)), a metastable compound of

the Fe-B system [37].

Regarding borides in B-alloyed steels, the phase that has been detected the most is
Fe23(B,C)s - and not the equilibrium Fe,B - at PAGBs [38][39][40][41]. In particular,
Fex3(B,C)s precipitates at the most favourable nucleation sites, e.g., at grain corners and
grain edges [42]. That is to say, it is accepted that the non-equilibrium Fe,3(B,C)s can
stay in equilibrium in B-alloyed steels. However, the precipitation of Fe,B took place at
the expense of the dissolution of Fe,3(B,C)s at PAGBs after 600 s of holding time at 820
°C [43]. Fujishiro et al [44] obtained similar results with increasing holding times at 650
°C. Thus, with the proper isothermal solidification heat treatment, the transformation of

Fe,3(B,C)s into Fe,B can be carried out.

Therefore, the stabilization of metastable Fe,3Bg at room temperature in steels in the
presence of B depends strongly on the thermal history of the steel sample - in our

particular case, the thermal cycle of the TLPB, which is applied to the base metal.
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4.3. Analysis of the tension and bend testing of the base metal and the bonded

sample

Since TLPB testing standards of mechanical properties are not yet available, the
American Petroleum Institute (API) Standard 1104 Welding of Pipelines and Related
Facilities 22" edition (2021) was used [45], in which the basic testing of arc welded

joints is carried out by the tension and the bend tests.
Regarding the tension test, the Standard 1104 indicates that:

e If the specimen breaks outside the weld (i.e., in the base metal) at a tensile
strength not less than 95 % of that of the specified minimum tensile strength
(SMTS) of the base metal, the weld shall be accepted as meeting the

requirements.

e If the specimen breaks in the weld and the observed strength is greater than or
equal to the SMTS of the base metal, the weld shall be accepted as meeting the

requirements.
Regarding the bend test, the Standard 1104 indicates that:

e The bend test shall be considered acceptable if no crack or other imperfection

exceeding 3 mm or one-half the specified wall thickness, whichever is smaller.

As it was stated in Section 2.4, tension and bend tests were carried out according to

ASTM E8M and ISO 5173, respecively.

Since TLPB has a thermal cycle that strongly promotes grain growth, it was assumed
that the cold-drawn carbon steel bars lost their strain hardening at the joint, and that

reference mechanical properties can be those of the steel bars in the hot rolled condition.
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From SAE J1397_202403 Estimated Mechanical Properties and Machinability of Steel

Bars [46],for a steel grade 1008 in the hot rolled condition we obtain :

e UTS: 303 MPa

e ¢ (Estimated Minimum Values): 30 %

e (O:55%

Therefore, and from the abovementioned criteria, the UTS, e and q of the bonded

sample attained 143.2%, 107.6% and 93.1% of the reference material.

On the other hand, specimens from both the base metal and the bonded sample were

subjected to bend test with the absence of imperfections.

Therefore, basic testing requirements of API Standard 1104 were attained. Anyway, q is
below the reference value, which is discussed in Subsection 4.4. Decrease in the

reduction area of the bonded specimens.

4.4. Decrease in the reduction area of the bonded specimens

The tension and bending tests revealed the strength and ductility of the bonded
specimens (Fig. 15, Table 3 and Table 4). From these tests, the following conclusions

can be drawn:

e The decrease in UTS of the bonded samples compared with that of the base
metal is due to the recovery, recrystallization and grain growth that occurred

during the TLPB thermal cycle.
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e Anincrease in e of the bonded samples compared with that of the base metal
occurred. This was the result of the base metal recovery and recrystallization

processes prior to grain growth.

However, q of the bonded samples decreases compared with that of the base metal,
which cannot be explained by these tests.
Therefore, the fracture surfaces of specimens from the tension test were observed by

SEM:

e The base metal shows the classic cup-and-cone surface. Both the shear lip and
the central fibrous zone correspond to ductile fractures (Fig. 16 (a) and (b),
respectively).

e Apart from the small dimples and particles, as in the base metal, the bonded
sample also shows larger dimples and particles than those observed in the base
metal (Fig. 17). Considering that the only difference between the base metal and
the bonded samples is the TLPB process, these larger particles must be
composite inclusions composed mostly of borides. These composite inclusions,
which are located only at the middle of the joint, have adverse effects on

ductility and consequently on g.
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Fig. 16 Fracture surfaces of the base metal. Both in the shear lip (a) and in the fibrous
central zone (b), dimples and particles corresponding to ductile fracture can be clearly

identified. In addition, the scale bar is indicated
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Fig. 17 Fracture surfaces of the bonded samples. Larger dimples with and without large
inclusions (arrow marks and triangle marks, respectively) can be clearly identified. In

addition, the scale bar is indicated

To reassure the latter stamen, composite inclusions at the fracture surface were
characterised by EDS and analysed in a similar manner as in Subsection 4.1.

In Fig. 18 large inclusions are shown and Fig. 19 shows the qualitative map for Fe, Mn
and Si. Table 5 shows the quantitative EDS measurements at the cross marks of Fig. 18.

As a result, we obtain:

e At point 1 mostly Fe is detected, with traces of other elements.
e At point 2 mostly MnO is detected, with Si0,, MnO and Al,O3, and traces of

MnS and CaO. These are common inclusions in steel.

Therefore, from point 1 measurement, we can conclude that the large inclusion is a

boride.
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Fig. 18 Large inclusion at the fracture surface which EDS qualitative maps and

guantitative point measurements were carried out. In addition, a scale bar is shown

Fig. 19 EDS qualitative maps of Fe, Mn and Si of the large inclusion in Fig. 18. In

addition, scale bars are shown

Table 5
EDS quantitative measurements results of Fig. 19, in wt.%. The standard deviation is

indicated in brackets.
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Point C Fe Mn Si

1 14(0.1) 983(0.1) - 0.1 (0.0)
2 6.9(0.3) 183(0.2) 29.2(0.2) 6.5(0.1)
Point Al @) S Ca

1 I 0.2(0.0) - .

2 4401 323(0.2) 15(0.0) 0.8(0.0)

In Fig. 20 small inclusions are shown. It shows quantitative EDS points measurements
at threes inclusions at their dimples and in Table 6 the corresponding measurements,
from which we obtain:

we obtain:

e At point 1 Fe with Al,O3 and Si0, is detected, with traces of MnS.
e At point 2 mostly Fe is detected, with MnO Al,O3 and Si0,,and traces of MnS.

e At point 3 mostly Fe is detected, with traces of other elements.

Therefore, at all points borides are detected - in particular at point 3. In addition, all
oxides and sulphides are common inclusions in steel.
Consequently, we can conclude that both small and large inclusions are borides or

composite inclusions composed of borides with varying concentrations.
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Fig. 20 EDS quantitative point measurement at small inclusions at fracture surface.

Arrow marks indicate which inclusions were measured. In addition, a scale bar is shown

Table 6

EDS quantitative measurements results of Fig. 20, in wt.%. The standard deviation is

indicated in brackets.

Point C Fe Mn Si

il 9.10 (0.2) 4137 (0.33) 15.82(0.14)  4.99 (0.05)
2 5.79 (0.16) 81.69 (0.50)  3.71(0.05) 1.56 (0.03)
3 2.33(0.11) 95.68 (0.49)  0.95 (0.05) 0.17 (0.02)
Point Al @) S Ca

il 6.50 (0.06) 21.58 (0.19)  0.63(0.02) -

2 1.65 (0.03) 5.45 (0.07) 0.15 (0.02) -

3 0.11 (0.02) 0.66 (0.03) 0.10 (0.02) -
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5. Conclusions

Bonded samples of cold-finished carbon steel bars were obtained by TLPB using
amorphous metallic foils composed of eutectic Fe-B as filler material. Regarding their

microstructure and mechanical properties, we can highlight the following:

e The joint exhibits the same ferritic/pearlitic microstructure as the base metal,
avoiding the microstructure discontinuity typically found in brazed and TLP-
bonded steel samples.

e The quantitative B concentration profile was measured throughout the joint by
means of NR.

e The measured broad peak of B, with a base width of = 5 mm and a maximum
value of 13.3 ppm B, allows the suppression of boride precipitation at most of
the joint.

e Traces of borides, which were the result of the liquid phase that solidified during
cooling, were found at the joint. Their position agrees with the measured sharp
peak of B, with a maximum value of 15.9 ppm B.

e Borides were identified as Fe,3Bg by means of microfocused X-ray
microdiffraction.

e Regarding mechanical properties, the bonded samples were subjected to a bend
test, with a bending angle of 180°, and no cracks were observed. In tension tests,
the bonded samples attained an ultimate tension strength of 434 MPa, an
elongation of 32.3% and a reduction area of 51.2% - 78.6%, 165.6% and 75.4%,
respectively, of the base metal. The fracture of the bonded samples occurred at

the joint.
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It was determined that the decrease in UTS of the bonded samples compared
with that of the base metal was due to recovery, recrystallization and grain
growth during the TLPB process.

From fracture surface observation, it was found that the decrease in the
reduction area in the bonded samples was caused by the presence of traces of

borides at the joint.
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