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U.A. Murzakhmetova’, D.B. Hlushkova?, Yu.l. Sychev?, V.M. Volchuk?, V.Yu. Baidala?
'Kazakh Automobile and Road Institute named after L.B. Goncharov,
Almaty, Kazakhstan;
Kharkiv National Automobile and Highway University, Kharkiv, Ukraine;
3Prydniprovska State Academy of Civil Engineering and Architecture, Dnipro, Ukraine
E-mail: diana.borisovna@gmail.com

The object of the study was diffusion-hardening gallium solders and other composite components. The market is
experiencing an active growth in demand for low-temperature assembly technologies, especially in the field of IoT,
wearables, and microsensors. The growing interest in low-temperature solders is due to the fact that they have a very
low melting point (= 29.8 °C), which makes them promising for heat-sensitive electronic components, flexible
electronics, 3D assembly without high heating. However, there are problems with their use that need to be solved:
gallium corrosion to many metals, surface oxidation leading to poor wettability, slow curing at room temperatures.
An experimental study of the phase formation during the interaction of Fe, Ni and iron-nickel alloys 36H and 50H
with liquid gallium and tin was conducted. During the research, it was found that the intermetallics that are formed
do not always grow according to a parabolic dependence in the coordinates: the thickness of the diffusion layer and
the contact time. After calculating the reactive diffusion parameters, it was found that the effective reactive diffusion
coefficients during gallium contact in the Fe-Ga, Ni-Ga systems are higher than in the Fe-Sn, Ni-Sn systems. It was
found that during the interaction of iron-nickel alloys with liquid gallium, the rate of formation of new phases can be
regulated. Iron-nickel alloys with a high nickel content in gallium solder pastes can be used both as solidification
accelerators and as stabilizers. The results obtained allow us to state that functional solders are one of the directions

of modern microelectronics.

INTRODUCTION

Gallium solder pastes allow to obtain dissimilar
connections at room temperature, provide electrical
conductivity, vacuum density, as well as the necessary
set of mechanical properties and operation of the
obtained connections at high temperatures. Gallium
pastes are currently used in power electronics, thermal
interface materials, micro sensors and MEMS, additive
technologies (direct writing, liquid metal printing).
Therefore, the study of gallium solders with Fe—Ni
fillers is a modern, promising and relevant direction.

ANALYSIS OF LITERARY DATA
AND PROBLEM STATEMENT

The paper [1] is devoted to a review of the concept
of “magnetic liquid metals” (MLM): methods of
preparation of Ga-based liquid metals with
ferromagnetic particles, physical properties, examples
of applications (locomotion, patterning, soft robots).
The authors show the influence of Fe/Ni fillers on the
magnetic and rheological properties of pastes.

In [2], the combination of liquid Ga phase with solid
particles and polymer matrices is presented, the
properties, encapsulation and printing methods are
described. This allows the creation of pastes with a solid
Fe/Ni filler.

In [3], an experimental study of Ga interactions with
practical metallizations (Cu/Ni/Pd, Cu/Ni/Au) was
conducted. The mechanisms of Ni-barrier consumption,
the formation of intermetallic phases and their influence
on the reliability of soldering at low temperatures were
shown. In [4], an example of combining Ga with carbon
fillers for 3D printing of conductive composites is
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provided, the rheology and processability are described.
The methodology can be adapted for metal fillers
(Fe/Ni). In [5], the development of pasty Ga composites
with a high particle loading (Ga,0s) to prevent leakage
is discussed. It provides important conclusions
regarding the preservation of the pasty form and thermal
conductivity. In [6], the authors considered the study of
Ga interactions with transition metal surfaces at the
level of atomic processes. This provides an
understanding of the mechanisms of wetting and the
formation of interface phases when using Fe/Ni fillers.

To date, the scientific and technical literature has not
formulated any substantiated recommendations for
reducing the curing time, extending the curing interval,
and improving performance characteristics, and this
precisely corresponds to the main modern scientific
challenges [7, 10, 13].

PURPOSE AND OBJECTIVES
OF THE STUDY

The purpose of these studies is to reduce the curing
time of solder pastes, expand the curing temperature
range, and improve operational characteristics. This will
make it possible to provide specific recommendations in
the context of low-temperature assembly, development
of functional solders, controlled pastes for
microelectronics, improvement of mechanical properties
of Ga-solders

To achieve the goal, the following tasks were set:

— to perform a set of studies on the selection of
iron-nickel alloys as fillers for gallium solder pastes;

— to determine the parameters and products of
interaction.
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MATERIALS AND RESEARCH METHODS

The object of research is diffusion-hardening
gallium solders and other composite components. The
subject of research is the physicochemical mechanisms
of diffusion hardening of gallium solders and the
influence of composite additives on the structure,
mechanical and operational properties of the
compounds.

The hypothesis of the study is that adding certain
compositional components to gallium solders will allow
controlling diffusion hardening processes, reducing the
brittleness of interphase layers, and increasing the
mechanical strength and stability of joints [8, 11, 12].

The assumption is that diffusion hardening occurs
mainly due to the mutual diffusion of gallium and the
base metal with the formation of intermetallics.

Simplification — the microstructure of the interfacial
layers is considered to be homogeneous within each
individual phase, without taking into account local
fluctuations in chemical composition. The effects of
oxidation, surface contamination or microcracks are
considered insignificant or controlled.

When conducting the study, experimental
physicochemical methods (microhardness method),
energy dispersive microanalysis method (the elemental
composition of the starting materials and diffusion
zones was determined) were used [9].

An experimental study of the phase formation during
the interaction of Fe, Ni and iron-nickel alloys 36H and
50H with liquid gallium and tin was conducted. During
the research, it was found that the intermetallics that are
formed do not always grow according to a parabolic
dependence in the coordinates: the thickness of the
diffusion layer and the contact time. After calculating
the reactive diffusion parameters, it was found that the
effective reactive diffusion coefficients during gallium
contact in the Fe-Ga, Ni-Ga systems are higher than in
the Fe-Sn, Ni-Sn systems. It was found that during the
interaction of iron-nickel alloys with liquid gallium, the
rate of formation of new phases can be regulated. Iron-
nickel alloys with a high nickel content in gallium
solder pastes can be used as solidification accelerators
and as stabilizers.

RESEARCH RESULTS
1. STARTIHG MATERIALS AND SAMPLES

The following components were wused to
manufacture experimental samples: gallium (GL-0), tin
(OVCh-000), iron, nickel, iron-nickel alloy (36N), iron-
nickel alloy (50N).

The initial samples for the studies were contact
plates 10x10 mm and 4 mm thick made of iron and
nickel, wetted with tin and gallium, as well as round
blanks with a diameter of 10 and 8 mm made of alloys
36N and 50N, respectively, with a central recess with a
diameter of 4 by 5 mm for pouring liquid tin and
gallium. After wetting (pouring) the samples with tin
and gallium, they were subjected to isothermal holding
for 10 to 50 h at a temperature of 300 and 500 °C. Then,
sections were made for metallographic and other
studies.
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2. METALLOGRAPHIC STUDIES

After isothermal exposure, sections were prepared
for metallographic studies on an Axio Observer
microscope. The task of metallographic studies was to
identify the number, shape and width of diffusion
layers. To identify the microstructure of the base metal
and new phases formed, etching was used with the
following composition: H,O, — 5 ml, NH,OH — 25 ml,
H,O0 — 20 ml.

Previously, microsections were studied on a Carl
Zeiss Jena optical microscope at magnifications of x200
and higher, and more detailed studies were conducted
on a JEOL JSM 7001F scanning electron microscope
(SEM) at an accelerating voltage of 10 and 15 kV, at
different magnifications.

The distribution of chemical elements in the
transition zone was studied using an energy-dispersive
spectrometer. The detector of the energy-dispersive
spectrometer is capable of registering up to 50 elements
per measurement. The spectrometer allows the analysis
of chemical elements from B to U.

Study of phase formation in the Fe-Sn and Ni-Sn
systems

The microstructures of the transition zones obtained
on a sample of iron and nickel after contact with liquid
tin are presented in Fig. 1.

Study of phase formation in the Fe-Ga and Ni-Ga
systems

The microstructures of intermetallic phases obtained
on iron and nickel samples after contact with liquid
gallium are presented in Fig. 2.

Study of phase formation in the (Fe-Ni)-Ga
system

The microstructures of the diffusion layer obtained
on samples of iron-nickel alloys 36H (Ni 36 % — Fe
64 %) and 50H (Ni 50 % — Fe 50 %) after contact with
liquid gallium are presented in Fig. 3.

3. DETERMINATION OF MICROHARDNESS

Microhardness tests were carried out using the
PMT-3 device. Measurements were made by
indentation with a tetrahedral diamond pyramid under a
load of 100 g. Each measurement was carried out at
least three times. When calculating for each point, the
arithmetic mean value was used. The microhardness
was studied along the cross-section of the sample from
the edge (source material) to the interaction zone
(diffusion layer).

Fig. 4 shows diagrams of the distribution of
microhardness values during the transition from the
base metal to the intermetallic phase.

The following values were also obtained: changes in

microhardness at the Fe-Ga phase interface at
temperatures of 500 and 300°C; changes in
microhardness at the Ni-Ga phase interface at
temperatures of 500 and 300°C; changes in
microhardness at the 50H-Ga phase interface at
temperatures of 500 and 300°C; changes in

microhardness at the 36H-Ga phase interface at

temperatures of 500 and 300 °C.

129



5 A
YA '»4
i e

Fig. 1. Intermetallic layer obtained on samples:
a, b —on a sample of iron and nickel, respectively, after contact with tin at a temperature of 500 °C, holding
time 50 h; ¢, d — on a sample of iron and nickel after contact with tin, at a temperature of 300 °C, holding time 50 h

d

Fig. 2. Intermetallic layer obtained on samples:
a, b —iron and nickel, respectively, after contact with gallium, at t = 500 °C, holding time 50 h;
¢, d — iron and nickel, respectively, after contact with gallium, at t = 300 °C, holding time 50 h
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Fig. 3. Microstructure of the diffusion layer obtained on the samples:
a, b —alloy 36N and 50N, respectively, after wetting with liquid gallium, att =500 <C, holding time 50 h;
¢, d — 36N and alloy 50N, respectively, after wetting with liquid gallium, at t = 300 <C, holding time 50 h
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Fig. 4. Change in microhardness at the Fe-Sn phase interface:
a — at a temperature of 500 °C; b — at a temperature of 300 °C
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4. STUDY OF THE ELEMENTAL AND PHASE
COMPOSITION OF INTERACTION PRODUCTS
BY THE METHOD OF ENERGY-DISPERSIVE
MICROANALYSIS

The composition scanning step is 3 um. According
to the obtained data, concentration curves of the
distribution of chemical elements along the scanning
line were constructed in Excel.

When comparing the element concentration curves
(Fig. 5) with the Fe-Ga diagrams, it can be stated that
the FeGa; and Fe;Ga, phases were formed. These
compounds correspond to the element concentration on
the diagram (Ga — 78.4%; Fe — 21.6%, and Ga — 61%,
Fe — 39% (by mass)). Electron microscopic images of
the transition zone of the 36H-Ga and 50H-Ga systems,
respectively, were also obtained.
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Fig. 5. Electron microscopic image of the transition zone in the Fe-Ga system (a) and concentration curves of the
distribution of elements (b), x5000, linear spectra, step 3 um

CONCLUSIONS

1. The Kkinetics of phase formation during the
interaction of Fe, Ni and iron-nickel alloys 36H and
50H with liquid gallium and tin was studied. During the
research, it was found that the formed intermetallics do
not always grow according to a parabolic dependence in
the coordinates: the thickness of the diffusion layer and
the contact time.

2. It has been established that the rate of formation
of new phases can be controlled when iron-nickel alloys
interact with liquid gallium. lron-nickel alloys with a
high nickel content in gallium solder pastes can be used
as solidification accelerators and as stabilizers (reduced
Ni content).
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YIOCKOHAJIEHHS ITPUITOIO JJ15 3'€ITHAHHS PIBHUX MATEPIAJIIB
Y.A. Myp3zaxmemosa, /I.b. I'nywikoea, I0.1. Cuuos, B.M. Bonuyk, B.IO. baiioana

OO6'exToM mociimpkeHHS Oy Audy3iiHO-3aTBEpaUII TalieBi MPUIOi Ta IHIIN KOMIIO3UTHI KOMIIOHeHTH. Ha
PHHKY CIIOCTEpPIra€ThCsi aKTHBHE 3POCTAHHS IIONMUTY Ha HU3BKOTEMIICPATypHI TEXHOJIOTII CKJIaJaHHsA, OCOOJIHUBO B
raxysi [HrepHeTy pedeil, HOCUMUX HPHCTPOIB Ta MIKPOCEHCOpIB. 3pocTaroduil iHTepeC N0 HU3bKOTEMIIepaTypHUX
NPHUIIOIB MOSICHIOETBCS THM, [0 BOHHM MalOTh Iy)XK€ HH3BKY TeMmeparypy asieHHs (= 29,8 °C), mo poburs ix
NEePCHEKTHBHUMH JUTS TEIUIOYYTIMBUX €JICKTPOHHHX KOMIIOHEHTIB, THYYKOI €l1eKTpoHikH, 3D-30ipku 0e3 CHIBHOTOo
HarpiBaHHsA. OHAK iCHYIOTh MIPOOJIEMH 3 IX BUKOPUCTAHHSM, SIKi HEOOXITHO BHPIMIATH: KOPO3is Talifo 10 0aratbox
METaJiB, OKUCICHHS MMOBEPXHi, 110 MPU3BOJUTH JI0 MOTaHOi 3MOYYBAaHOCTI, MOBIJIBbHE 3aTBEpP/iHHS 3a KIMHATHOI
TemIiepaTypu. Byno mpoBeneHo ekcrepuMeHTalbHE AOCTiKEeHHS (a3oyTBopeHHs mmia yac B3aemonii Fe, Ni ta
3aii30-HikeneBux ciuasie 36H i 50H i3 pigkum ramiem i onoBoMm. Y XOJi JOCHiMKEHHS OyJIO BHSBJEHO, IO
YTBOPEHI IHTEPMETAIIKM HE 3aBXJI¥ POCTYTh BIJIIOBIJHO O MapaboJivyHOl 3aJIe)KHOCTI B KOOpAWHATAX: TOBIIMHA
mudysiiiHoro mapy ta yac koHrakty. [licns po3paxyHKy mapamerpiB peakTHBHOI aAndy3ii Oylo BCTaHOBIEHO, IO
epexTuBHi KoedimieHTH peakTHBHOI Mudy3il mix 4ac kOHTaKkTy ramito B cucremax Fe-Ga, Ni-Ga Buiii, HiX y
cucremax Fe-Sn, Ni-Sn. Byno BcTaHOBIEHO, IIO Mifl Y4ac B3a€MOJl 3ai30-HIKEIEBUX CIUIABIB 13 PIIAKUM TajieM
IIBUJIKICTh YTBOPEHHS HOBUX (a3 MOXKHA PETYIIIOBAaTH. 3aii30-HIKeNeBi CIDIaBH 3 BUCOKHM BMIiCTOM HIKETIO B
Talli€BUX MasIbHUX ITACTaX MOXYTh BHKOPHCTOBYBATHCS SK MPUCKOPIOBaYi 3aTBEpIiHHS, Tak 1 crabimizaTopwu.
OTpuMaHi pe3yibTaTH JO3BOJSIIOTH CTBEPIKYBATH, IO (YHKIIOHATBHI MPHUITOI € OJHUM 13 HANPSAMKIB Cy4acHOI
MIKPOEIEKTPOHIKH.
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