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The main aim of this work is to present the structure and topography of the Fes7 44Co034.56B19.2514.8Nby
laser weld. A laser welding has been applied to increase the capability of using these materials in the industry.
The amorphous and amorphous-crystalline phase were confirmed by X-ray analysis, atomic force microscopy, and
high resolution transmission electron microscopy tests. The detailed topographic analysis revealed that the heat
affected zone show a roughness characteristic of the crystalline phase and a smooth surface in the fusion zone.
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1. Welding of amorphous materials

Fe-based bulk metallic glasses (BMGs) attract the
attention because of their good mechanical, physical
properties, and sufficient glass forming ability (GFA).
At present, it has been possible to weld BMG with
various chemical compositions (Pd-Ni-P, Pd-Cu-Ni-P,
Zr-Ti-Cu-Ni-Be, Zr-Al-Cu-Ni) using welding methods
with the liquid phase content and in the supercooled lig-
uid phase [1, 2].

The friction welding method was used during joining
tests involving the supercooled liquid phase. In turn,
welding tests involving the presence of the liquid phase
were performed using electron beam welding, laser beam
welding, explosion welding or electric welding [3, 4].
The friction welding method was successfully used when
joining palladium and zirconium-based amorphous alloys
having the maximum glass transition temperature (T})
difference below 50 K. In addition, the above-named
alloys were joined with commercial aluminium alloys
2017 and 5083 [2], maintaining the amorphous structure
and mechanical properties. Electron beam welding was
successfully used when joining amorphous plates com-
posed of Zry;Ti;4CuiaNijgBeos and when joining plates
composed of Zrg1Ti14CuiaNijgBeos with crystalline alloy
Zircaloy-4 and zirconium plates [2]. Welding with the liq-
uid phase content is possible because of the high GFA of
BMGs and the high concentration of welding energy [3].
In turn, the thermal stability and the superplasticity of
the alloys enable the successful joining of BMGs in the
supercooled liquid state [3].

Ultimately, the process of welding should ensure the
continuity between welded elements as well as the ho-
mogeneity of the amorphous structure and properties
in the welded joint area. The material continuity can
be ensured by the proper making of imperfection-free
welds. Research [5-8| revealed that the satisfaction of the
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condition concerning structural, chemical and properties-
related homogeneity proves extremely difficult in terms
of BMGs. The difference between the properties of the
joint and those of the parent material (PM) indicates the
quality of the welding process and is related to the no-
tion of material weldability. The smaller the divergence
between the structure and the properties of the PM and
those of the joint, the better the weldability of a given
material. The heat treatment of amorphous materials re-
sults not only in material heterogeneity but also in the
generation of internal stresses, resulting from the non-
uniform heating and cooling of joint elements during the
process of welding. Depending on their intensity, internal
stresses may trigger changes in shapes of welded joints or
even lead to the formation of cracks.

When joining BMGs it is necessary to maintain their
characteristic structure and properties. This can be
achieved by the minimisation of the fusion zone (FZ) and
the mutual exchange or evaporation of components of
materials being welded, as well as through the reduction
of joining time, aimed to prevent high temperatures from
triggering the crystallisation of the amorphous structure.
For this reason, it can be presumed that the ideal welding
process should take place at the lowest possible temper-
ature and at the shortest possible time. As a result, the
most frequently applied methods are those which involve
the use of sources characterised by high energy concentra-
tion, e.g. laser welding or electron beam welding |9, 10|,
as they enable the obtainment of appropriately high rates
of heating and cooling in the weld [11]. Other commonly
used methods include friction welding, explosion welding,
and diffusion welding. Possible applications concerning
the use of various welding techniques when joining se-
lected BMGs are presented in works [2, 3, 12].

The main aim of this work is to present the structure
and topography of the F€37i440034.56B19_28i4.8Nb4 laser
weld.

2. Experimental procedure

The tasted material was a Fe-Co—B—Si—Nb iron based
alloy. The procedure for obtaining BMGs in the form
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of 1 mm in diameter plates involved the production of
an ingot and then casting the metallic liquid into a cop-
per mould. The test plates were prepared from pure ele-
ments, using an induction generator. The casting process
of the liquid metal into a copper mould involved the melt-
ing in a quartz crucible using an induction generator and
then raising the crucible plug and introducing the liquid
into the mould with the argon gas pressure.

The amorphous and amorphous-crystalline phase were
confirmed by X-ray analysis, high resolution transmis-
sion electron microscopy (HRTEM) and atomic force mi-
croscopy (AFM) tests.

The PANalytical XPERT PRO MPD X-ray diffrac-
tometer equipped with a Cu anode X-ray tube was ap-
plied to identify the phase composition of the PM, FZ,
and heat affected zone (HAZ). The operating parameters
of the lamp were 30 mA and 40 kV. Diffraction patterns
were performed in the angular range 20 from 10° to 100°.

The HAZ and FZ observations were carried out using
the Titan 80-300 transmission electron microscope of FEI
firm.

For accurate surface structure analysis of welds, the
Hysitron TT 950 Triboindenter equipped with QScope 250
microscopic attachement with Q-WM190 scanning probe
was used.

3. Characterization
of chosen bulk metallic glasses welds

The X-ray diffraction analysis of Fe-based BMGs
welds show that these materials have an amorphous and
amorphous-nanocrystalline structure depending on the
weld zone. The consolidation of image results and X-ray
phase analysis enabled the structure characteristics in the
individual weld zones. Figure 1 shows surface topogra-
phy of FZ and HAZ boundaries of laser weld made by
AFM. In Fig. 1d X-ray diffraction pattern was inserted.

Fig. 1.

Surface topography in the area of direct laser
interaction (a), (b) and surface topography of bound-
ary between FZ and HAZ of Fe-based BMGs laser weld
(c¢) 2D image, (d) 3D image made by AFM with X-ray
diffraction pattern.

The X-ray diffraction pattern of the FZ revealed wide,
fuzzy spectra which are characteristic for amorphous
structures, whereas, small diffraction lines from crys-
talline phases were observed in the X-ray diffraction pat-
tern of the HAZ (Fig. 1d). This indicates an amorphous-
crystalline structure in this zone. Diffraction analysis of
the HAZ have shown the presence of lines which origi-
nated from the (Fe, Co, Nb)23Bg and (Fe, Co)sB crys-
talline phases.

Crystallization in the HAZ may be caused by the oxi-
dation of alloy elements [13, 14| which results in the re-
duction of the GFA or a prolonged influence of high tem-
perature on this zone, as well as applying a high impulse
energy of the laser beam.

The identification and the analysis of the welds were
performed using HRTEM. Exemplary images of the
amorphous and amorphous-nanocrystalline structure of
selected areas are presented in Fig. 2 and Fig. 3.

Fig. 2. Bright field image with selected area electron
diffraction pattern for the amorphous plate in the FZ
(a) and HRTEM image (b) from presented areas.
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Fig. 3.

Amorphous-crystalline structure image of HAZ
of Fe—~Co—B—-Si—Nb bulk metallic glass weld and elec-
tron diffraction pattern from selected area (a), structure
HRTEM images (b)—(d) from presented area.

The melting zone is smooth, without visible inequal-
ities. The smooth surface of the FZ may suggest the
presence of an amorphous phase. The surface texture
is the result of the direct interaction of the high energy
laser beam on the metastable material and rapid cooling
of the metallic liquid. The fusion zone surface is without
visible roughness. The surface topography in the zone
between the FZ and HAZ shows a distinctive roughness
which reflect the presence of crystallites.

4. Conclusions

The amorphous structure in FZ has been confirmed
by XRD, AFM, and HRTEM analysis. The inequalities
are located in the HAZ which confirms the occurrence
of the crystalline phase. The XRD patterns of the HAZ
revealed wide and diffuse spectra characteristic of the
amorphous structure and the (Fe, Co, Nb)o3Bg and (Fe,
Co)3B crystalline phase-related thin diffraction lines.
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