City Research Online
City St George’s, University of London

ST GEORGE'S

UNIVERSITY OF LONDON

Citation: Hawi, S., Gharavian, S., Burda, M., Goel, S., Lotfian, S., Khaleque, T. &
Yazdani Nezhad, H. (2021). Development of carbonaceous tin-based solder
composite achieving unprecedented joint performance. Emergent Materials, 4(6),
pp. 1679-1696. doi: 10.1007/s42247-021-00337-9

This is the published version of the paper.

This version of the publication may differ from the final published version. To cite
this item please consult the publisher's version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/27345/

Link to published version: https://doi.org/10.1007/s42247-021-00337-9

Copyright and Reuse: Copyright and Moral Rights remain with the author(s) and/or
copyright holders. Copies of full items can be used for personal research or study,
educational, or not-for-profit purposes without prior permission or charge, unless otherwise
indicated, provided that the authors, title and full bibliographic details are credited, a
hyperlink and/or URL is given for the original metadata page and the content is not changed
in any way. For full details of reuse please refer to City Research Online policy.

City Research Online: http://openaccess.city.ac.uk/ publications@citystgeorges.ac.uk



https://openaccess.city.ac.uk/policies.html
mailto:publications@citystgeorges.ac.uk
http://openaccess.city.ac.uk/

Emergent Materials
https://doi.org/10.1007/542247-021-00337-9

ORIGINAL ARTICLE q

Check for
updates

Development of carbonaceous tin-based solder composite achieving
unprecedented joint performance

|4,5,6

Sara Hawi' - Somayeh Gharavian? - Marek Burda® - Saurav Goe - Saeid Lotfian” - Tasnuva Khaleque* -

Hamed Yazdani Nezhad'®

Received: 20 August 2021 / Accepted: 9 December 2021
© The Author(s) 2021

Abstract

Weight reduction and improved strength are two common engineering goals in the joining sector to benefit transport, aero-
space, and nuclear industries amongst others. Here, in this paper, we show that the suitable addition of carbon nanomaterials
to a tin-based solder material matrix (C-Solder® supplied by Cametics Ltd.) results in two-fold strength of soldered composite
joints. Single-lap shear joint experiments were conducted on soldered aluminium alloy (6082 T6) substrates. The soldering
material was reinforced in different mix ratios by carbon black, graphene, and single-walled carbon nanotubes (SWCNT) and
benchmarked against the pristine C-solder®. The material characterisation was performed using Vickers micro-indentation,
differential scanning calorimetry and nano-indentation, whereas functional testing involved mechanical shear tests using
single-lap aluminium soldered joints and creep tests. The hardness was observed to improve in all cases except for the 0.01
wt.% graphene reinforced solders, with 5% and 4% improvements in 0.05 carbon black and SWCNT reinforced solders,
respectively. The maximum creep indentation was noted to improve for all solder categories with maximum 11% and 8%
improvements in 0.05 wt.% carbon black and SWCNT reinforced ones. In general, the 0.05 wt.% nanomaterial reinforced
solders promoted progressive cohesion failure in the joints as opposed to instantaneous fully de-bonded failure observed in
pristine soldered joints, which suggests potential application in high-performance structures where no service load induced
adhesion failure is permissible (e.g. aerospace assemblies). The novel innovation developed here will pave the way to achiev-
ing high-performance solder joining without carrying out extensive surface preparations.

Keywords Carbon black - Graphene - Single-walled carbon nanotubes - Tin solder - Single-lap joint

1 Introduction

In the current era of lightweight hybrid structures,
design, and manufacturing for aerospace and automotive
applications, fastener-less high-quality and high-strength
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joining methods capable of joining dissimilar materials
are being rigorously researched. The main methods used
for structural joining are mechanical fastening, adhesive
bonding, and high-temperature joining such as welding,
brazing, and soldering [1-4]. For joining of dissimilar
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materials, adhesive bonding is considered superior to
bolted joints as it produces a continuous connection and
hence smooth strain transition which greatly reduces
stress concentration to benefit the fatigue performance
of joints [5]. Although adhesive bonding is similar to
brazing and soldering in the sense that the surfaces being
joined are energised (e.g. via heating, chemical treat-
ment, or ultra-violet radiations), the bonding formed
during adhesive joining (so-called secondary bonding)
is not a metallurgical bond; rather, it is a chemical bond
(i.e. Van der Waals bond) [6]. However, the polymer
bonding poses problems in curing time, inspection, dis-
assembly, and environmental degradation [7-12], as well
as the challenge to assure bond quality [13, 14].

Joining aluminium for structural applications has
proven to be challenging using traditional welding and
brazing practices due to its high coefficient of ther-
mal expansion (CTE). The thermally induced residual
stresses at the interface lead to excessive strains causing
CTE mismatch between the substrate and the joining
material [15]. Whilst other fastener-less technologies
such as adhesive bonding, welding, brazing, and solder-
based joining provide an improved joint stiffness and
limitedly overcome the problem of stress concentration
[1-4]. A solder joint is not usual for high-load applica-
tions due to it being brittle and its susceptibility to fail
catastrophically. In adhesive bonds, the damage toler-
ance is mainly facilitated by cohesion failure of the bulk
adhesive at the interface.

Soldering is a highly suitable method to join wide
variety of materials, ranging from composites to metals
such as aluminium to ceramic materials [16]. The proce-
dure of soldering involves applying a melted soldering
alloy on the heated surface of materials without requir-
ing extensive surface preparation in contrast to a time-
consuming and sensitive surface treatment approach
associated with every adhesive bonding method. Con-
trarily, during adhesion [17, 18], the same procedure
would require highly controlled surface treatment and
possible process-induced tight disbond. Similar to adhe-
sive bonding, the main parameter affecting the solder
joint is the wettability, which in turn influences the
interfacial strength of the soldered joint that is char-
acterised using techniques such as the single-lap joint
shear test [12].

Traditionally, tin (Sn)-based solders are being used as an
interconnection material for electronic devices as they are
thermally conductive, light weight, do not account for any
significant volume increase for the applications, and their
mechanical properties do not qualify for high loading appli-
cations [19]. However, in recent years, the development of
graphene and carbon nanotubes (CNTs) [10, 11] has sur-
faced the idea of embedding carbon nanomaterials into the
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metal matrices which has opened newer avenues for mate-
rial joining. It allows to obtain enhanced specific stiffness,
strength, wear resistance, controlled CTE, fatigue resistance,
and electrical conductivity. The nanomaterial reinforcements
are also referred to as metal matrix nanocomposites [20].
Taking these ideas forward, this work hypothesised that the
mechanical properties of tin solder could also be tailored
and enhanced to withstand high structural loads and tem-
peratures, specifically for joints susceptible to interfacial
adhesion failure.

Moreover, the addition of transition metal to solder alloys
has also been shown to enhance the wetting of carbon mate-
rials at low temperatures, thus enabling dissimilar material
joining at low temperature. For instance, the addition of 2.5 to
5.0 wt.% of Cr or Ni to Sn-3.6Ag-0.7Cu alloys (SAC alloys)
showed enhanced wetting and joining of carbon nanotubes
(CNTs) [21]. That is mainly due to the uniform nonreactive
dispersion of the transition metals in the SAC matrix, which
diffuses into the carbon alloy border with no formation of
brazing-like carbides.

C-Solder® is a commercial tin-based lead-free low-temper-
ature soldering alloy manufacture by Cametics Ltd. It enables
joining of various carbon materials including carbon fibres or
CNT fibres in both carbon—carbon and carbon—metal arrange-
ments [22]. During soldering, oxides form on the surface of
the molten solder prevents it from wetting the substrate. For
that reason, forced wetting or mechanical activation is applied
by brushing/peening and ultrasonic agitation in the utilisation
of C-Solder®.

This research investigated the influence of reinforcing car-
bon nanomaterials (carbon black (CB), graphene, and single-
walled CNT (SWCNT)) to the C-Solder® [18]. The study
includes a comprehensive analysis of data from microstruc-
tural characterisation, thermal analysis and mechanical shear
performance of soldered joints utilising the pristine solder,
and carbon nanomaterial reinforced solder with 0.01 and 0.05
wt.% loading contents. The joint strength was evaluated using
standard single-lap soldered joints made of aerospace-grade
aluminium substrates, and under quasi-static loading condi-
tions [12, 23].

2 Materials and methods
2.1 Materials

The samples examined in this research are listed in Table 1,
categorised into as-received C-Solder® (CS), solder mixed
with carbon black (CB at 0.01 and 0.05 wt.% content), gra-
phene with 0.01 and 0.05 wt.% (G_0.01 and G_0.05, respec-
tively), and SWCNTs with 0.01 and 0.05 wt.%. The samples
were characterised (i.e. melting temperature via differential
scanning calorimetry, Vickers hardness and creep behaviour
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via nano-indentation and via optical and scanning electron
microscopy, SEM). The nanomaterials were supplied as
follows:

e SWCNT 755,710-1G supplied by Sigma Aldrich (average
diameter of 0.84 nm),

e Graphene CamGraph® G3 supplied by Cambridge Nano-
systems (lateral size of ~400 nm and flake thickness of
~3 nm),

e Carbon black, MONARCH® 800 supplied by Cabot
(average diameter of 20 nm).

The material preparation process entails mixing of C-Sol-
der ingots with carbon material which were initially loaded
into vacuum induction melting furnace. They were mixed via
induction stirring in the temperature range of 1000-1200 °C,
and casted in vacuum at 1200 °C.

The as-received solder (no nanomaterial addition) was
used as a control sample to test the integrity of C-solder®-
based single-lap soldered joints. High-performance, aero-
space-grade Al6082T6 aluminium alloys (tensile strength
of ~310 MPa and elongation at breakage of ~8%) [19] were
used as substrate materials for the lap joining.

2.2 Characterisation of solder materials

To analyse the dispersion quality of the nanomateri-
als in the solder samples, the samples were mounted
in standard mounting epoxy resin, ground in three
stages (using 240, 1200, and 2500 grit papers, each
at 200 rpm for 3 min), and polished in two stages,
each at 250 rpm for 4 min (using plano cloth drenched
with 3-pm diamond suspension followed by OP-S
Colloidal Silica). SEM-EDS analysis was conducted
to identify the composition and their dispersion-dis-
tribution quality.

A differential scanning calorimeter (DSC) was used
to determine the melting point of the solders. The total
weight of the samples cut from solder rods was kept less

Table 1 Solder samples studied and their methods of preparation

Solder samples Induction mixed and cast in vacuum at 1200 °C

CS C-Solder®

CB_0.01 C-Solder® reinforced by 0.01 wt.% CB
CB_0.05 C-Solder® reinforced by 0.05 wt.% CB
G_0.01 C-Solder® reinforced by 0.01 wt.% graphene
G_0.05 C-Solder® reinforced by 0.05 wt.% graphene
SWCNT_0.01 C-Solder® reinforced by 0.01 wt.% SWCNT
SWCNT_0.05 C-Solder® reinforced by 0.05 wt.% SWCNT

than 10 mg. The samples were placed into an aluminium
pan which was heated to temperature of 300 °C with a
heating rate of 3 °C/min.

Hardness testing was conducted using a Vickers micro-
indenter apparatus (ZwickRoell ZHV). Using Vickers,
three indentations were applied along each solder sample
with a load of 25 gfor 15 s. The creep behaviour of the
solders under nano-indentation loads was evaluated using
a nano-indenter with a Berkovich tip, shown schematically
in Fig. 1.

Six indentations per sample were made with spacings
of 35 um between consecutive indentations. Load con-
trolled testing during the nanoindentations with a mini-
mum and maximum constantly held loads of 20 mN and
100 mN, respectively, were used in the test scheme. The
loading rate was 1 mN/s and the holding time was 120 s.
When the load reached maximum value, the indenta-
tion depth versus time was recorded and used for the
creep performance evaluation, schematically shown in
the inset in Fig. 1.

The creep response was evaluated using a power-law
creep equation over a wide range of strain rates known
as the secondary or steady-state creep regime under con-
stant loads [24, 25]. Thus, assuming a constant tempera-
ture and steady-state creep, the creep strain rate (¢) can
be expressed as [26]

=a(z)

where B is a material constant, n is the stress exponent, G
is the temperature-dependent shear modulus, and o is the
applied stress.

The temperature dependence of the shear modulus of
pristine Sn has been adopted in this study, in which G can
be empirically calculated from [27]

G = 16,302 — 40.5(T — 273), )

where T is the temperature in Kelvin. € and o can therefore
be expressed by [28, 29]

and

o=1. @
where

A = 24.517, (5)

and 4 is the depth of indentation, 7 is the creep time, and P
is the indentation load. Finally, using Eqs. (1)—(5), the creep
stress exponent can be calculated:
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Fig. 1 Schematic illustration of
creep test using nano-indenta-
tion with a Berkovich indenter
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2.3 Joint evaluation
2.3.1 The joining process

The Al6082T6 specimens were joined using C-solder®
and its nanomaterial reinforced variations (four specimens
per variation) with the dimensions (according to Standard
ASTM D1002 specimens) shown in Fig. 2.

The aluminium substrates (laps) were pre-heated on a
ceramic hot plate (Stuart CN302) at 350 °C. The solder was
deposited on the laps using a SUNBONDER USM-560

Fig.2 The dimensions of the
Al6082T6 single-lap shear
soldered joint specimens

Side view:

Aluminium End Tabs A |yminium substrate Solder

101.6 mm

Indentation depth (mm)

ultrasonic soldering iron at a temperature of 400 °C (the speci-
fied optimal wetting temperature for C-Solder®), an ultrasonic
power of 10 W, and at an ultrasonic-frequency of 65 kHz. The
lap joints were then pressed and left on the hot plate to cool
down (Fig. 3) using steel press bars. The pressure fixture shown
in Fig. 3 was formerly designed and assembled for research on
single-lap bonded joints [17, 18] in compliance with the ASTM
D1002. The thickness of the solder was controlled by using
aluminium laps of thickness 3.4 mm to even out the laps of the
specimens (so that no misalignment occurs during clamping
in the gripping areas), and allow a solder thickness of 0.2 mm.
After the joining process, a two-component Araldite 420 A/B
epoxy adhesive was used to bond the aluminium tabs at the
ends of the specimens, followed by curing in an oven at 70 °C

Adhesive for End tab bonding

Top view:

Gripping Area
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Fig.3 Aluminium laps joining
process: (1) fixing aluminium
lower laps, (2) apply the
solder material, (3) fix upper
aluminium laps, and (4) apply
uniform pressure

Fig.4 (a) Schematic of fixed (a)
lap shear test apparatus, (b) sol-
dered aluminium sample under
tensile loading, and (c) marks
for laser extensometer (displace-
ment) measurements local to the
soldered overlap

for 5 h. The end-tabs were added to ensure longitudinal align-
ment of the samples’ ends when clamped in the test apparatus
(Fig. 4).

2.3.2 Joint quality analysis

The joint quality was evaluated by cutting the cross section
of the overlap area of lap joints from each category, mount-
ing it in resin, grinding, polishing, and examining it under
an optical microscope.

2.3.3 Single-lap joint tests

The single-lap shear tests were carried out using an Instron®
universal testing machine shown in Fig. 4(a) with a 30-kN
load cell. The crosshead speed was set to be 1.3 mm/min to
achieve quasi-static loading. To study the joint behaviour, a
laser extensometer was used to accurately measure longitu-
dinal displacement data for the overlap area. The laser tar-
gets were placed 10 mm away from the joint ends as shown
in Fig. 4(b),(c).

The load and displacement data for each category of
specimens were used to evaluate the performance of the
joints. The stress calculation in such single-lap joints would
not provide meaningful interpretation of the performance
at localised area over the overlap region since stress and
strain distribution across the overlap region in a flat joint
(soldered here) can be highly non-uniform [17, 18] with the

Clamps 4‘

Single-lap soldered joint —>’I

4

(c)

Laser extensometer marks

| —>»

Shear stress

Overlap length

Fig.5 Schematic illustration of shear stress distribution in an adhe-
sively bonded joint [30]

maximum shear stress occurring at the two ends of the joint
[30] shown schematically in Fig. 5. Therefore, the joint shear
and failure performance have been described based on the
load and displacement data for the localised areas, and the
average stress—strain calculations have been used to describe
creep using the equations discussed above.

Failure of the joint was predicted to initiate at the edges
first, when the effective stress exceeds the yield strength of
the joint. Adams et al. (1997) [26] showed that the strength
of the adhesive joint increases linearly with longer overlap
length, until a certain threshold beyond which no stronger
bonds are formed [31]. It occurs after the threshold plastic
deformation of the aluminium substrate becomes dominant

QATAR UNIVERSITY @ Springer
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which induces bond failure. This has been further discussed
in the next sections. The mode of failure was microscopi-
cally investigated by observing the shear area after lap shear
test using an Oxford Instrument SEM and a Nikon Eclipse
Me600 optical microscope.

3 Results
3.1 Solder characterisation
3.1.1 Microstructural analysis

The typical microscopic images for the induction mixed
solders with and without the carbon nanomaterials are pre-
sented in Fig. 6. The identification of carbon nanomateri-
als was not conducted in the optical microscopy images,
and therefore not shown in the scale presented in these
images. Instead, the agglomerated cluster particles were
observed as dark regions within the solder medium. The
figure mainly shows such particle arrangements. It may be
noteworthy that the two other mixing methods were also
tested but the one shown here provided the best practice
for achieving better dispersion. Typical SEM—EDS analy-
sis of the reference solder’s microstructure (no nanomate-
rial addition) resulted in the composition shown in Fig. 7,
showing Sn, Cr, Ag;Sn, and SnsCuy.

Fig.6 Typical SEM micro-
graphs of C-Solder® sample
induction mixed with carbon
nanomaterial via identical
mixing parameters (captured at
5 kV): (a) pristine solder, (b)
0.05 wt.% CB reinforced solder,
(¢) 0.05 wt.% graphene rein-
forced solder, and (d) 0.05 wt.%
graphene reinforced solder
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3.1.2 Thermal analysis

Figure 8 shows the DSC profile of C-Solder® and its
nanomaterial reinforced variations. A distinctive single
endothermic peak was observed with the onset temper-
ature in all materials, defined as the starting tempera-
ture for endothermic reaction, between 218.09 °C and
219.749 °C, and the melting temperature in the range of
219.99 to 222.68 °C.

AgsSn & SnsCus

100 pm

Fig.7 Typical composition of the reference solder material with no
nanomaterial addition obtained from the EDS analysis, dominantly
present by Tin (Sn), Cr, Ag;Sn, and SnsCug
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As can be seen from Fig. 9, the change in the melting
temperature between the samples was not significant but a
slight reduction in the melting temperature was observed
for the G_0.01 (219.99 °C) whereas an increase for the
SWCNT_0.05 (222.68 °C) [23].

In comparison with conventional lead-free solders such
as the Sn-3.5Ag, the melting temperatures were slightly
different [32]. This behaviour is consistent with the stud-
ies conducted on the addition of Ni-CNTs to Sn—Ag—Cu
solder alloy [20, 21] and the observations on the addition

(aluminium), it can be emphasised that the thermal stresses
induced in the substrates, during the joining process, were
minimal.

3.1.3 Vickers hardness
The hardness improvement after addition of nanomaterials

into metal matrix has been reported to arise from either of
the four main mechanisms [33]:

of carbon black to Sn-3.5Ag [32]. Since the tempera- e Load transfer strengthening;
tures required to melt these reinforced solders are very e Dislocation bowing or dislocation interference (a.k.a.
low relative to melting temperatures of joining substrates Orowan strengthening);
Fig.8 DSC profiles for (a) o X 21805°C 0 A 21821°C
C-Solder® (no nanomaterial ¢ (L
addition), (b) 0.01 wt.% carbon . y
black reinforced solder, (¢) 0.05 = _
wt.% carbon black reinforced g s
solder, (d) 0.01 wt.% graphene é 2 .E .
nanoparticle reinforced solder, L 2
(e) 0.05 wt.% graphene nano- & 3
particle reinforced solder, (f)
0.01 wt.% SWCNT reinforced (a) C-Soldere 21740 (b) 0.01 wt.% CB b
solder, and (g 0.05 wt.% % 100 120 140 160 180 200 220 240 “% 100 120 140 160 180 200 220 240
SWCNT reinforced solder Exo ;Jn Temperature (*C) Universal V3.9A ,,E"i’:p Temperature (°C) Universal V3.9A
N Tosrys
o\ s
- = =2
g g
-4
4
(c) 0.05 wt.% CB e (d) 0.01 wt.% graphene 21090°C
-680 100 120 140 160 180 200 220 240 260 -660 100 120 140 160 180 200 220 240
Exo Up Temperature (°C) Universal V3.9A  Exo Up Temperature (°C) Universal V3.9A
1 ]
o] s iy
£ ] g -]
g i
3] ]
(e) 0.05 wt.% graphene 1 () 0.01 wt.% SWCNT
-4 s 224,51°C
B ‘°° ) T e g,y W OB W B W wm B
1
218.55°C
0 74.60J/g
R
g
=2
3
0.05 wt.% SWCNT mesc
g
.480 100 120 140 160 180 200 220 240
Exo Up Temperature (°C) Universal V3.9A
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Fig.9 Melting temperature of the solder with and without mixing of
nanomaterials

185

17.8+0.4

17.520.4
o | 17.3+0.4
16.9:0.4 [
16.7x0.4 I» |

& S & 0 04 N 04

=
0

17.1x0.4

[ 16.9+0.4 I

Vickers Hardness, HV0.025
= =
e 9 . N
o v ~N [V}

=
©n
«n

=
[

Fig. 10 Vickers hardness of solders with different compositions

e Strengthening due to thermal, elastic moduli, or geomet-
ric mismatch between nanofiller and metal matrix; and
e Grain improvement strengthening

Slight increase was observed in the transition from the
as-received C-Solder® to 0.01 wt.% CB, and a significant
increase in 0.05 wt.% CB enhanced C-Solder® (Fig. 10) by
nearly 0.85 HV. The increase was also seen in the case of
SWCNT addition at 0.01 wt.% and 0.05 wt.%, however lower
at 0.05 wt.% SWCNT, attributed to the extensive agglomera-
tion shown in Fig. 6(g), compared to that of the 0.01 wt.%
sample observed to attain a more uniform SWCNT disper-
sion in Fig. 6(f). The hardness of G_0.01 was found lower
than that of the C-solder® by maximum 0.2 HV, and G_0.05
approximately the same as the pristine solder. It is not clear
whether the slight downfall in the G_0.01 material is due
to the morphological changes in graphene nano-platelet (as
opposed to spherical cluster formed in the CB and SWCNT
cases) or is attributed to a weak bonding between the nano-
materials and the solder matrix. Figure 6(b), (d) show
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similar dispersion quality for G_0.01 and CB_0.01, whilst
CB_0.01 presents a slightly more uniform distribution. On
the other hand, Fig. 6(f) presents SWCNT_0.01 in better
dispersion and distribution than the other two. This suggests
that the distribution quality may have played a role (though
not quantified). A definite statement based upon morpho-
logical changes or distribution effects would be forfuitious,
and would require further investigations. Therefore, further
investigations were carried out in Sect. 3.1.4 where the
nanoindentation data and its scatter are discussed.

Nevertheless, as a comparative remark, in comparison to
other solders like the Sn-3.5Ag and SAC305 (HV = 14-15),
C-Solder® in Fig. 10 showed a higher hardness value [23,
34], mainly due to the presence of chromium in the solder
matrix which restricts dislocation motion [35]. This restric-
tion can be overcome by addition of carbon nanomaterials
according to our phenomenological study above, i.e. the
promotion of dislocations restriction but with carbon nano-
materials mimicking chromium role.

3.1.4 Creep behaviour during nano-indentation

Typical indentation load vs. depth curve for the C-Solder®
samples conducted at room temperature under maximum
load of 100 mN is presented in Fig. 11. Following Fig. 11,
five loading/unloading nano-indentation cycles were per-
formed for all samples:

ABCD points on the curve represent the first loading/
unloading cycle. AB represents the first loading process,
BC the constant load holding process, and CD on the curve
represents the unloading process. FG shows the change in
the indentation depth, held for 120 s when the maximum
load of 100 mN is reached and was held constant. Creep is
operative during this holding time and was extracted from
further analysis (results shown in Figs. 12 and 13). The
solder samples exhibited significant permanent (inelastic)
deformation and slight elastic recovery, as apparent from the
unloading curve (GH). No discontinuities were observed on
the curves which indicated that no fracture occurred during
the indentation tests [36].

Figure 12 compares the average indentation depth for
all samples at the maximum load (100 mN). As seen, all
reinforced solders exhibit increased indentation depth under
creep conditions, with 0.05 wt.% nanomaterial reinforced
solders (CB_0.05, G_0.05, and SWCNT_0.05) exhibiting
the highest creep indentation compared to their 0.01 wt.%
companions, with G_0.01 showing the largest scatter. There-
fore, creep deformation under constant load was higher in
solders with higher contents, indicative of promoting defor-
mation mechanisms enabled by higher nanomaterial content
which increases the strain energy dissipation via provision
of relatively higher contact areas between the nanomateri-
als and the solder matrix. Such performance was seen to
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Fig. 11 Typical load vs. 120
indentation depth curve for the
C-Solder® F G
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Fig. 12 Average creep nano-indentation depth of solders with and
without nanomaterials

improve pristine solder’s brittleness towards ductility under
constant load creep conditions. Similarly in Fig. 10, the
hardness was higher or equal in high-content nanomaterial
reinforced solders than low-content ones (with the exception
of SWCNT_0.05 due to relatively higher agglomeration and
poor distribution). This, together with the creep indenta-
tion data, suggests a high-strength material with high creep
deformation at high carbon nanomaterial contents. As seen,
G_0.01 (the case with the lowest hardness) shows the high-
est scatter and only a slight creep indentation in Fig. 12.
Further analysis requires full investigation throughout the
creep regime alongside microscopic images, conducted and
described in Fig. 13:

data on the left column sub-figures are not directly com-
parable to the images since the indentation was performed
at different locations; however, for a clearer size compari-
son of the positions at which the six-indentation may have
occurred compared to the size of the microscopic images
presented here, three grid area have been identified on
locations with localised high, medium, and low nanoma-
terial dispersion, identified by H, M, and L, respectively.
Each grid represents the positions in six subsequent ele-
ments over which the indentation may have occurred (each
element size was spaced by 35 um). The difference in the
creep data in relation to their high scatter/disparity can be
investigated from the microscopic images in a using the
grid areas and arbitrary selection of one row or column
of six-subsequent elements. This simply means that if the
six-indentation were performed over the L regions, the
scatter would have been lower than the case that the path
is conducted over the H and M regions. The reason is that
the distribution of nanomaterials in the L regions over six
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Fig. 13 Indentation depth vs. time at constant loaded creep for (a) 0.01 wt.% CB, (b) 0.05 wt.% CB, (c) 0.01 wt.% graphene, (d) 0.05 wt.% gra-

phene, (e) 0.01 wt.% SWCNT, and (f) 0.05 wt.% SWCNT

subsequent elements (representative of the six indentation
spacings) is relatively more uniform than that in the H and
M regions. This assumes that the material immediately
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underneath the visible surface follows the same pattern
on the surface distribution. The analysis is then sug-
gested to follow the concepts of dispersion-distribution
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schematically illustrated in Fig. 14. According to the fig-
ure, 0.01 wt.% CB has poor distribution and dispersion
of the CBs while 0.05 wt.% CB showed good distribution
while having poor dispersion. Both graphene reinforced

solders (0.01 wt.% and 0.05 wt.%) are poor in distribution
and dispersion, also the case with the 0.05 wt.% SWCNT.
The only reinforced solder material with almost both good
distribution and dispersion quality is 0.01 wt.% SWCNT
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Typical carbon nanomaterial reinforced solder in

high black & white contrast
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Fig. 14 Schematic illustration of dispersion and distribution quality

which is the only material with the lowest scatter observed
in Fig. 13(e). This suggests the direct link of the scat-
tered data to the distribution-dispersion quality where the
nanoindentation data with lowest disparity appears from
a nanocomposite with reasonably good dispersion and
distribution.

Moreover, the observations for SWCNT_0.05 along with
those in Fig. 10 (hardness) and Fig. 12 (creep), and com-
pared to those for SWCNT_0.01, indicated that an addition
of 0.05 wt.% of SWCNT has a deteriorating effect on the
hardness but an enhancement in creep performance owing to
promoting deformation mechanisms (alternatively increased
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Fig. 15 Creep stress exponents of solder samples

creep rate and strain). Assuming constant solder matrix and
process parameters, one may stipulate that the major reason
for such performance at high nanomaterial content is due to
the morphological changes which upon numerous agglom-
eration points can induce localised stress concentration [37].

From the slope of the indentation vs. time curves in
Fig. 13, the creep stress exponents for the solder materials
were calculated using Eq. (6). The results are presented in
Fig. 15.

It is common to use the value of the power-law creep
stress exponent as an indicator of the rate and mechanism
driving the creep deformation in metals. As seen in Fig. 15,
the exponent for all solder materials is nearly three, indicat-
ing that the main governing deformation mechanism is creep
dislocation glide [38] which is common for low-temperature
creep deformation mechanism. That partially ratify our for-
mer discussion that the addition of carbon nanomaterials
mimic the role of chromium in solder material in terms of
dislocations enhancement. For G_0.01 and SWCNT_0.05, a
high disparity in the exponent data is seen, obtained from fit-
ting the power-law equation (Eq. (1)) to the actual creep data
which exhibited the highest scatter, i.e. Fig. 13(c) and (f).

3.2 Single-lap soldered joint evaluation data
3.2.1 Joint quality analysis

All joints soldered by different material categories were cut-
sectioned and investigated via optical microscopy, and none
showed any void formation owing to the controlled pres-
surisation and assembly procedure described in Sect. 2.3.1.
The voids were inherently present in the materials prior to
pressurisation (Fig. 6). Typical optimal images of an alu-
minium-aluminium soldered joint assembled using G_0.05,
CB_0.05, and pristine C-Solder® are shown in Fig. 16. The
images for 0.01 wt.% materials are not shown as they looked
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identical to their 0.05 wt.% pairs as observed across a large
range of the interface. A fully adhered interface by solder-
ing has been observed for the specimens examined, at 0.01
and 0.05 wt.% except that a slight irregularity is seen in
the soldered interface in the CB_0.05 specimen. Though
such observation can be made for all specimens depending
on the magnified areas (i.e. further magnification than that
presented in the figure can lead to the observation of more
irregularities in the specimens), the authors could identify
relatively more numbers in a 1-mm area in the CB_0.05
interface, hence providing a comparative analysis together
with the mechanical shear performance.

Fig. 16 Typical optical
microscopic images for alu-
minium joint interface with (a)
C-Solder®, (b) 0.05 wt.% CB
reinforced solder, and (c¢) 0.05
wt.% graphene reinforced solder

C-Solder®

3.2.2 Single-lap joint testing

The shear load vs. displacement data for all soldered joints are
shown in Fig. 17. Two single-lap joint specimens per nanomate-
rial type have been presented in the interests of clarity, represent-
ing the weakest and highest ductile performance (lowest and
highest failure strain exhibited, respectively) of the joints in each
category. The results of the joints made of the pristine solder are
shown in solid lines. The data with the 0.01 wt.% nanomate-
rial content (Fig. 17a) show a load—displacement performance
falling between the weakest and strongest pristine soldered
joints. However, the scatter in load—displacement data for the

Direction of pressurisation
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Fig. 17 Shear load versus 11000 P
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reinforced soldered joints is lower than that of the pristine joint.
The SWCNT_0.01 and CB_0.01 showed weaker performance
than the G_0.01 in terms of the highest load reached and the
ultimate displacement at failure. Recalling from Figs. 10 and
12, G_0.01 possessed the lowest hardness and creep indentation
depth, while it performs better than the other 0.01 wt.% carbon
types in the joints herein. This is due to either introduction of a
better bonding quality with aluminium or pressurisation during
development of the soldered joints, or both. No research has
particularly studied the bonding quality of graphene nanomate-
rial with aluminium or aluminium oxide; however, a number
of articles have investigated the effect of graphene addition to
aluminium in metal matrix composites (MMC) [39, 40].

On strength, stiffness, and hardness in numerous gra-
phene types, processes, and contents, up to nearly 200%,
80%, and 30% in tensile strength, stiffness, and toughness
are reported, comparable to those of the CNT addition in
aluminium-based MMC. Therefore, a direct conclusion
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Laser Displacement (mm)

cannot be reliably drawn. Further investigation is required
with focus on the bonding quality of such joints examined
here.

The aluminium joints soldered by the 0.05 wt.% carbon
nanomaterial reinforced solder materials (Fig. 17b) also exhibit
a superior performance in case of graphene in the ultimate failure
displacement and the peak load reached. The other 0.05 wt.%
reinforced types also performed better from their 0.01 wt.% cases.

The failure load in almost all joints soldered by 0.01 wt.%
reinforced solders was lower than the pristine solder. This
can be attributed to the fact that in some areas in the solder
matrix, the carbon nanomaterials coming into contact with
each other form clusters due to strong Van der Waals forces
between them [23, 25]. This may hinder the bonding between
the nanomaterials and the solder matrix which in turn results
in cluster induced porosity that act as potential stress con-
centration site and promote joint failure. However, when the
weight percentage of nanomaterials increases from 0.01 to
0.05 wt.%, the failure load generally increases. Despite the
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Fig. 18 (a) Failure of A16082T6
joint during lap shear testing
and (b) schematic illustration
of eccentricity and peel stress
driven bending in single-lap
joints
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ongoing agglomeration there remains sufficient nanomaterial
to develop bonding with the matrix. This is speculative based
on the phenomenological data presented in Fig. 17(b) but
is in contrast to the existing literature which reported that
microscopic level porosity starts to affect the strength of the
solder with the addition of more than 0.05 wt.% of carbon
nanomaterials [41]. Considering the discontinuity in the fail-
ure load pattern pinpointed in SWCNT_0.01 and the fact that
all SWCNT_0.01 joints utilised solder from the same ingot,
solder quality issues might be addressed because of the con-
tamination of the solder, i.e. excessive solder oxidation.
Moreover, the failure loads and shear strengths of sol-
dered joints are comparable to adhesively bonded aluminium

(b)

joints. According to a study [42], the maximum lap shear
load withstood by an ARALDITE Rapid epoxy-based adhe-
sive mixed with aluminium powder/aluminium joint was
approximately 3.7 kN and the corresponding shear strength
was nearly 9 MPa, which is significantly lower than the
failure loads and shear strengths of all the soldered joints
tested in this work. Such considerable improvement by the
carbon nanomaterials suggests an alternative joining pro-
cess over bonding process which exploits environmentally
sensitive polymer adhesive. Another research conducted by
Ufferman et al. (2018) [43] assessed single-lap adhesively
bonded coated aluminium 5052 lap shear tests. The maxi-
mum force attained was 10.06 kKN. However, the shear area
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was large (=~ 40 x40 mm) and the calculated shear strength
was approximately 6.3 MPa, which is significantly lower
than the shear strength obtained in the soldered aluminium
joints examined here.

3.2.3 Failure mode investigation

During the lap shear tests, the failure initiated at the end
of the joint and propagated until full failure occurred (i.e.,
detachment) as shown in Fig. 18(a). As seen, a macro-scale
rough surface (rather than a sharp flat surface) has been cre-
ated which is an indication of the propagation in the bulk
of the material. This confers that the joint end, where shear
stress is expected to be at a maximum level, was the fail-
ure initiation site. All soldered joints failed at the bulk of
the solder progressively, displaying a damage-tolerant per-
formance in which no instantaneous damage propagation
was observed (referred to as adhesion failure, an undesir-
able damage mechanism as opposed to cohesion failure in
adhesively bonded joints). Moreover, an apparent bending
is observed, described here. The most dominant stress pre-
sent in single-lap joints is peeling stress which is unevenly
applied throughout the interface length due to out-of-plane
bending moments caused by the eccentricity of the load
path in such unsymmetrical joint, as seen in Fig. 18(b).
This results in peeling stress-driven failure for a soldered
interface, which implies that the single-lap joints provide
conservative failure load prediction. A representation of this
phenomenon is schematically depicted in Fig. 18(b) where
the thickness of the carbon nanomaterial modified solder is
exaggerated to be much higher than the thickness of adhe-
sive at the end tabs. Such eccentricity drives a significant
peeling stress which makes interfacial failure a dominant
mechanism in soldered joints (adhesion failure in the case
of adhesively bonded joints); however, the carbonaceous
solder has exhibited a relatively higher interfacial strength
than the bulk of the solder, with the failure occurring in the
bulk rather than at the interface. As such, the rough surface
of a typical bulk of the solder material existing on both sides
of the aluminium laps have been observed. These processes
can although also be studied using simulation tools involving
molecular dynamics and finite element simulations [44—46],
but this work focuses primarily on the development of the
technology and hence the reason why only an experimental
effort is presented here.

4 Conclusions

This article investigated the merits of using carbon nanoma-
terial reinforcing agent to mix with commercial tin-based
solder material, C-Solder®. A comprehensive microscopic
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examination followed by the mechanical testing procedure
involving microstructure, hardness, melting temperature,
creep nanoindentation behaviour, and single-lap shear join-
ing testing with 0.01 wt.% and 0.05 wt.% carbon black, gra-
phene, and single-walled carbon nanotube reinforced solder
materials were investigated.

The melting temperature of all the carbonaceous tin-
based solder achieving unprecedented joint strength was of
the order of approximately 200 °C, suggesting that no addi-
tional equipment is required to use these solder materials for
joining processes. This also means that the thermal stresses
on the aluminium substrate remained minimal compared to
other joining techniques like welding and brazing.

It was observed that the hardness was improved for
all cases except for G_0.01, with 5% and 4% improve-
ments in CB_0.05 and SWCNT_0.05, respectively. The
maximum creep indentation was improved for all samples
with maximum 11% and 8%, respectively, for CB_0.05
and SWCNT_0.05. Results for the shear performance
indicated that all samples at the two contents fell within
the as-received C-Solder’s performance, exhibiting a pro-
gressive crack propagation. The best performance was
achieved for the G_0.05 sample exhibiting minimum 52%
and 25% improvement in failure displacement and load,
respectively.

The single-lap joining of AI6082T6 substrates using the
pristine and carbon nanomaterial reinforced solders showed
comparable performance in terms of the average shear
strength (i.e. failure load divided by the overlap area) and
failure displacement with in-use structural adhesive bonding
with a significant improvement in the exhibition of progres-
sive failure in the bulk of the solder rather than the interface,
an undesired adhesion failure in the bonded joints.

In conclusion, the newly developed solder joint mate-
rial and process provides an opportunity to develop high-
strength structural-grade joining of aluminium substrates
with minimal surface preparation, a potential alternative to
the existing adhesive-based structural joining.
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