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Abstract: Weight reduction and improved strength are two common engineering goals in the
joining sector to benefit various engineering sectors ranging from transport, aerospace, nuclear to
many 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
(0.01 wt% and 0.05 wt%) by carbon black, graphene and single-walled carbon nanotubes. 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 0.05 wt.% nanomaterials reinforced solders promoted progressive cohesion failure
in the joints as opposed to instantaneous fully disbond 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 achieving low-cost 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 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 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
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energised (e.g. via heating, chemical treatment 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, disassembly 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 thermal expansion (CTE). The thermally
induced residual stresses at the interface leads to excessive strains causing CTE mismatch between
the substrate and the joining material[15]. While other fastener-less technologies such as adhesive
bonding, welding, brazing and solder based joining provides an improved joint stiffness and
limitedly overcomes the problem of stress concentration [1-4]. A solder joint is not usual for high
load applications due to it being brittle and its susceptibility to fail catastrophically. In adhesive
bonds, the damage tolerance 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 procedure of soldering involves applying
a melted soldering alloy on the heated surface of materials without requiring extensive surface
preparation in contrast to a time-consuming and sensitive surface treatment approach associated
with every adhesive bonding method. Contrarily, during adhesion [17,18],the same procedure would
require highly controlled surface treatment and possible process-induced tight disbond. Similar to
adhesive bonding, the main parameters affecting the solder joint is the wettability which in turn
influences the interfacial strength of the soldered joint that is characterised 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
applications [19]. However, in recent years, the development of graphene and carbon nanotubes
(CNTs) [10,11] has surfaced the idea of embedding carbon nanomaterials into the metal matrices
which has opened newer avenues for material 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 [22]. 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 temperatures, 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 materials at low temperatures thus enabling dissimilar material joining at low
temperature. For instance, the addition of 2.5 wt.% 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) [23]. 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.
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C-Solder® is a commercial tin-based lead-free low-temperature 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 arrangements [24]. During soldering, oxides form on the
surface of the molten solder preventing 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 carbon nanomaterials (carbon black (CB),
graphene and single-walled CNT (SWCNT)) to the C-Solder® [18]. The study includes a
comprehensive analysis of data from microstructural characterisation, thermal analysis and
mechanical shear performance of soldered joints utilising the pristine solder, and carbon
nanomaterials 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 conditions [12,25].

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), graphene with 0.01
and 0.05 wt.% (G_0.01 and G_0.05, respectively) 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 via nano-indentation ands via optical and scanning electron microscopy, SEM).
The nanomaterials were supplied as follows:

e SWCNT 755710-1G supplied by Sigma Aldrich,
¢ Graphene CamGraph® G3 supplied by Cambridge Nanosystems
e Carbon black, MONARCH® 800 supplied by Cabot

The material preparation process entails mixing ofC-Solder ingots and SAC305 powder 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

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
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The as-received solder (no nanomaterial addition) was used as benchmark reference to join
aluminium substrates to test the integrity of C-solder® based single-lap soldered joints. High
performance, aerospace grade Al6082T6 aluminium alloys (tensile strength of ~310MPa 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 nanomaterials in the solder samples, the samples were
mounted in standard mounting epoxy resin, ground in three stages (using 240, 1200, 2500 grit papers,
each at 200 rpm for 3 hrs.) and polished in two stages, each at 250 rpm for 3 hrs. (using plano cloth
drenched with 3-micron diamond suspension followed by OP-5 Colloidal Silica). SEM-EDS analysis
was conducted to identify the composition and their dispersion-distribution quality. The total weight
of the samples cut from solder rods was kept less than 10 mg. Three indentations were applied along

each solder sample with a load of 25 grams for 15 seconds.

J,f"lndentation depth, h (nm)

Load, P (mN)
i
“u__‘Time,t{s} )
Pra=100mN p= === - — - o
hold for t = 120s )
Ll
Pon=20mN Lo e
Unloading
Loading

Indentation depth (mm)

Figure 1. Schematic illustration of creep test using nano-indentation with a Berkovich indenter

The creep behaviour of the solders under nano-indentation loads was evaluated using a nano-
indenter with a Berkovich tip, as schematically shown in Figure 1. Six indentations per sample were
made with spacing of 35 pum between indentations. Load controlled testing during the
nanoindentations with a minimum 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 indentation depth versus time was recorded and
used for the creep performance evaluation, schematically shown in the inset in Figure 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 constant loads [26,27]. Thus,

assuming a constant temperature and steady-state creep; the creep strain rate (€) can be expressed as
[28]:
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¢=8(2), 1)

G

where B is a material constant, n is the stress exponent, G is the temperature dependent shear

modulus, and ¢ 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 [29]:

G = 16302 — 40.5(T — 273), @)

where T is temperature in Kelvin. € and 0 can therefore be expressed by [30,31]:

. 1dh
T 3)
and
P
- _ 4
o= 4)
where
A =245h?, (5)

and h is the depth of indentation, t is the creep time, and P is the indentation load. Finally, using

Equations (1-5), the creep stress exponent can be calculated:

n = dLné/dLn(a/G) (6)

2.3. Joint evaluation

2.3.1 The joining process

The Al6082T6 specimens were joined using C-solder® and its nanomaterials reinforced
variations (four specimens per variation) with the dimensions (according to Standard ASTM D1002

specimens) shown in Figure 2.

Aluminium End Tabs Aluminium substrate Solder Adhesive for End tab bonding

0.2mm

Side view:

101.6 mm

Top view:

Gripping Area Shear performance (overlap) area Gripping Area
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Figure 2. The dimensions of the A16082T6 single-lap shear soldered joint specimens

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 ultrasonic soldering iron at a
temperature of 400°C (the specified 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 (Figure 3) using steel press bars. The pressure fixture shown in Figure 3 was
formerly designed and assembled for research on single-lap bonded joints [17,18] in compliance with
the ASTM D1002 utilised herein. 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 for 5 hours. The end-tabs were added to

ensure longitudinal alignment of the samples’ ends when clamped in the test apparatus (Figure 4).

Figure 3. Aluminium laps joining process: 1) fixing aluminium lower laps, 2) apply the solder
material, 3) fix upper aluminium laps, 4) apply uniform pressure

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, mounting it in resin, grinding, polishing and examining it in the SEM and 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 Figure 4(a). The load cell fitted was 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 longitudinal displacement data for the overlap area. The laser targets were

placed 10 mm away from the joint ends as shown in Figure 4(b,c).
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Clamps

. - Laser extensometer marks
Single-lap soldered joint __,

183

184 Figure 4. a) Schematic of fixed lap shear test apparatus, b) Soldered aluminium sample under tensile

185 loading, and c) marks for laser extensometer (displacement) measurements local to the soldered

186 overlap

187 The load and displacement data for each category of specimens were used to evaluate the

188  performance of the joints. The stress calculation in such single-lap joints would not provide
189  meaningful interpretation of the performance at localised area over the overlap region since stress
190  and strain distribution across the overlap region in a flat joint (soldered here) can be highly non-
191  uniform [17,18] with the maximum shear stress occurring at the two ends of the joint [32] shown
192 schematically in Figure 5. Therefore, the joint shear and failure performance have been described
193 based on the load and displacement data for the localised areas, and the average stress-strain

194 calculations have been used to describe creep using the equations discussed above.

Maximum shear stress

£ AN

T

wn

wn

g

wn)

=~

S

o

<

n

Overlap length

195 plene!
196 Figure 5. Schematic illustration of shear stress distribution in an adhesively bonded joint [32]
197 Failure of the joint was predicted to initiate at the edges first, when the effective stress exceeds

198 the yield strength of the joint. Adams et al. (1997) [28] showed that the strength of the adhesive joint
199  increases linearly with longer overlap length, until a certain threshold beyond which no stronger
200  bonds are formed [33]. It occurs after the threshold plastic deformation of the aluminium substrate

201 becomes dominant which induces bond failure. This has been further discussed in the next sections.

202 2.3.4 Failure Mode investigation

203 The mode of failure was microscopically investigated by observing the shear area after lap shear

204  test using an Oxford Instrument SEM and a Nikon Eclipse Me600 optical microscope.

205 3. Results
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3.1. Solder Characterisation

3.1.1 Microstructural Analysis

The microscopic images for the induction mixed solders with and without the carbon
nanomaterials are presented in Figure 6. These images show non-uniform distribution of the
nanomaterials; the best dispersed quality amongst all was observed for the case of CB_0.01 and
SWCNT_0.01 samples. Agglomeration of nanomaterials were observed in all samples. However, the
largest nanocluster agglomerations were observed for the samples containing 0.05 wt.% of
nanomaterials (CB, Graphene, SWCNT). It may be noteworthy that the two other mixing methods
were also trialled (as described below) but the one shown here provided the best practice for
achieving better dispersion. Typical SEM-EDS analysis of the reference solder’s microstructure (no
nanomaterial addition) resulted in the composition shown in Figure 7, showing Sn, Cr, AgsSn and
SnsCus.

2) C-Solder® /.
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219 Figure 6. SEM micrographs of C-Solder® samples induction mixed with carbon

220 nanomaterial via identical mixing parameters (captured at 5kV); a) pristine solder, b) 0.01
221 wt.% CB reinforced solder, c) 0.05% wt.% CB reinforced solder, d) 0.01 wt.% graphene
222 reinforced solder, e) 0.05 wt.% graphene reinforced solder, f) 0.01 wt.% SWCNT

223 reinforced solder, g) 0.05 wt.% graphene reinforced solder

Ag3Sn & SnsCue

100 pm
224
225 Figure 7. Typical composition of the reference solder material with no nanomaterials
226 addition obtained from the EDS analysis, dominantly present by Tin (Sn), Cr, AgsSn and
227 SnsCus

228  3.1.2 Thermal Analysis
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Figure 8 shows the DSC profile of C-Solder® and its nanomaterials reinforced variations. A
distinctive single endothermic peak was observed with the onset temperature in all materials, defined
as the starting temperature for endothermic reaction, between 218.09°C and 219.749°C, and the
melting temperature in the range of 219.99°C to 222.68°C.
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3 34
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Figure 8. DSC profiles for: a) C-Solder® (no nanomaterial addition), b) 0.01wt.% carbon black
reinforced solder, c) 0.05wt.% carbon black reinforced solder, d) 0.01wt.% graphene nanoparticle
reinforced solder, e) 0.05wt.% graphene nanoparticle reinforced solder, f) 0.01wt.% SWCNT
reinforced solder, g) 0.05wt.% SWCNT reinforced solder
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Figure 9. Melting temperatures of solder with and without nanomaterials

As can be seen from figure 9, the change in 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) [25].

In comparison with conventional lead-free solders such as the Sn-3.5Ag, the melting
temperatures were slightly different [34]. This behaviour is consistent with the studies conducted on
the addition of Ni-CNTs to Sn-Ag-Cu solder alloy [22, 23] and the observations on the addition of
carbon black to Sn-3.5Ag [34]. Since the temperatures required to melt these reinforced solders are
very low relative to melting temperatures of joining substrates (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 [37]:
¢ load transfer strengthening
e Dislocation bowing or dislocation interference (a.k.a. Orowan strengthening)
e strengthening due to thermal, elastic moduli, or geometric mismatch between nanofiller and
metal matrix
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 0.05wt% CB enhanced C-Solder® (Figure 10) by nearly 0.85 HV. The
increase was also seen in the case of SWCNT addition at 0.01wt% and 0.05wt% however lower at

0.05% wt.% SWCNT, attributed to the extensive agglomeration shown in Figure 6(g), compared to
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that of the 0.01wt% sample observed to attain a more uniform SWCNT dispersion in Figure 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
nanomaterials and the solder matrix. Figures 6(b,d) show similar dispersion quality for G_0.01 and
CB_0.01, while CB_0.01 presents a slightly more uniform distribution. On the other hand, Figure 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
morphological changes or distribution effects would be forfuitious, and would require further
investigations. Therefore, further investigations were carried out in section 3.1.4 where the

nanoindentation data and its scatter are provided and discussed.

18.5

18 |

HV

175 |

16.5 |

Vickers Hardness

16 |

155 |

15

Figure 10. Vickers hardness of solders with different compositions

Nevertheless, as a comparative remark, in comparison to other solders like the Sn-3.5Ag and SAC305
(HV= 14-15), C-Solder® in Figure 10 showed a higher hardness value [21,25], mainly due to the
presence of chromium in the solder matrix which restricts dislocation motions [39]. This restriction
can be overcome by addition of carbon nanomaterials according to our phenomenological study
above, i.e. the promotion of dislocations restriction but with carbon nanomaterials 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 Figure 11. Following figure 11, five

loading/unloading nano-indentation cycles were performed for all samples:
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Figure 11. Typical load vs. indentation depth curve for the C-Solder®

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 show the change in the indentation depth, held for 120s when the maximum load of
100mN is reached and held constant. Creep is operative during this holding time, and was extracted
from further analysis (results shown in Figures 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 [40]. Figure 12 compares the average indentation depth for all samples
at the maximum load (100mN). As seen, all reinforced solders exhibit increased indentation depth
under creep conditions, with 0.05 wt.% nanomaterials 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. Therefore, creep deformation under constant load was higher in
solders with higher contents, indicative of promoting deformation mechanisms enabled by higher
nanomaterials contents which have increased dissipation of strain energy via provision of relatively
higher contact areas between the nanomaterials and the solder matrix. Such performance was seen
to improve pristine solder’s brittleness towards ductility under constant load creep conditions.
Similarly in Figure 10, the hardness was higher or equal in high content nanomaterials 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 indentation 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 highest scatter and only a slight creep indentation in
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Figure 12. Further analysis requires full investigation throughout the creep regime alongside

microscopic images, conducted and described in Figure 13:
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Figure 12. Average creep nano-indentation depth of solders with and without nanomaterials

Figure 13 presents the creep indentation depth vs. holding time, averaged between six
indentations per sample category (indexed by _1 to _6 in the figure) under constantly held loads. The
shaded area between the two dashed lines in all sub-figures shows the range of data for the non-
reinforced solder (i.e.,, C-Solder®). Such area is repeated in all sub-figures in the interest of a
comparative analysis. Such data are accompanied by the microscopic images for each material, taken
from Figure 6. The high disparity in creep performance is due to the non-uniform distribution and
dispersion of nanomaterials in the reinforced solders observed in the microscopic images. It is noted
that the data on the left column sub-figures are not directly comparable to the images since the
indentation was performed on different location, however for a clearer size comparison 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 nanomaterials dispersion, identified by H, M and L respectively. Each grid represents the
positions in six subsequent elements over which the indentation may have occurred (each element
size was spaced by 35 micron). 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. To simply put: if the six-
indentation paths were conducted over the L regions, the scatter would have been lower than the
case that the path is conducted over the H and M region. The reason is that the distribution of
nanomaterials in the L regions over six subsequent elements (representative of the six indentation
spacings) is relatively more uniform than that in the H and M region. This assumes that the material

immediately underneath the visible surface follows the same pattern on the surface distribution. The
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analysis is then suggested to follow the concepts of dispersion-distribution schematically illustrated
in Figure 14. According to the figure, 0.01wt.% 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 which is the only material with the lowest scatter
observed in Figure 13(e). This suggests the direct link of the scattered data to the distribution-
dispersion quality where the nanoindentation data with lowest disparity appears from a

nanocomposite with reasonably good dispersion and distribution.
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Figure 13. Indentation depth vs. time at constant loaded creep for a) 0.01 wt.% CB, b)
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Figure 14: Schematic illustration of dispersion and distribution quality

Moreover, the observations for SWCNT_0.05 along with those in Figure 10 (hardness) and Figure
12 (creep), and compared to those for SWCNT_0.01, indicate that an addition of 0.05wt% of SWCNT

has a deteriorating effect on the strength but an enhancement in creep performance owing to

promoting deformation mechanisms (alternatively increased creep rate and strain). Assuming

constant solder matrix and process parameters, one may stipulate that the major reason for such

performance at high nanomaterials content is due to the morphological changes which upon

numerous agglomeration points can induce localised stress concentration [41].

From the slope of the indentation vs. time curves in Figure 13, the creep stress exponents for the

solder materials were calculated using Eq. 6. The results are presented in Figure 15.
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Figure 15. Creep stress exponents of solder samples

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 Figure 15, the exponent for all solder
materials is nearly three, indicating that the main governing deformation mechanism is creep
dislocation glide [42] which is common for low-temperature creep deformation mechanism. That
partially ratify our former discussion that the addition of carbon nanomaterials mimics 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 fitting the power-law equation (Eq. 1) to

the actual creep data which exhibited the highest scatter, i.e., Figure 13(c) and 13(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 pressurisation and
assembly procedure described in section 2.3.1. The voids were inherently present in the materials
prior to pressurisation (Figure 6). Typical optimal images of an aluminium-aluminium soldered joint
assembled using G_0.05, CB_0.05 and pristine C-Solder® are shown in Figure 16. The images for 0.01
wt.% materials are not shown as they looked identical to their 0.05 wt.% pairs as observed across a
large range of the interface. A fully adhered interface by soldering 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.
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Figure 16. Typical optical microscopic images for aluminium joint interface with a) C-Solder®, b) 0.05
wt.% CB reinforced solder, and c) 0.05 wt.% graphene reinforced solder

3.2.2 Single-lap joint testing

The shear load vs. displacement data for all soldered joints are shown in Figure 17. Two single-
lap joint specimens per nanomaterial type have been presented in the interests of clarity, representing

the weakest and highest ductile performance (lowest and highest failure strain exhibited respectively)
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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.% nanomaterials content (Figure 17a) show a load-displacement
performance falling between the weakest and strongest pristine soldered joints. However, the scatter
in load-displacement data for the 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 Figures 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 nanomaterial with aluminium or
aluminium oxide, however a number of articles have investigated the effect of graphene addition to
aluminium in metal matrix composites (MMC) [43,44].

On strength, stiffness and hardness in numerous graphene types, processes and contents, and
reported upto nearly 200%, 80% and 30% in tensile strength, stiffness and toughness, comparable to
those of the CNT addition in aluminium based MMC. Therefore, a direct conclusion 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 nanomaterials reinforced solder
materials (Figure 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.
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Figure 17: Shear load versus displacement data in single-lap joints soldered by pristine and
nanomaterials reinforced solders; a) comparison of pristine solder joint performance with 0.01 wt.%
carbon nanomaterials content, b) comparison of pristine solder joint performance with 0.05 wt.%

carbon nanomaterials content

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 [27, 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 concentration site and
promote joint failure. However, when the weight percentage of nanomaterials increases from 0.01
wt.% to 0.05 wt.%, the failure load generally increases. Despite the ongoing agglomeration there
remains sufficient nanomaterials to develop bonding with the matrix. This is speculative based on
the phenomenological data presented in Figure 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 0.05wt.% of carbon nanomaterials [35]. Considering the discontinuity in the failure 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 as a result of the contamination of the solder,
i.e., excessive solder oxidation.

Moreover, the failure loads and shear strengths of soldered joints are comparable to adhesively
bonded aluminium joints. According to a study [45], the maximum lap shear load withstood by an
ARALDITE Rapid epoxy-based adhesive 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 process over
bonding process which exploits environmentally sensitive polymer adhesive. Another research

conducted by Ufferman et al. (2018) [46] assessed single-lap adhesively bonded coated aluminium
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5052 laps shear tests. The maximum force attained was 10.06 kN. However, the shear area was large
(= 40x40mm) and the calculated shear strength was approx. 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

Figure 18. Failure of Al6082T6 joint during lap shear testing

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 Figure 18. This confers that the joint end, where shear
stress is expected to be at a maximum level, was the failure initiation site. All soldered joints failed at
the bulk of the solder progressively, displaying a damage tolerant performance in which no
instantaneous damage propagation was observed (referred to as adhesion failure, an undesirable
damage mechanism as opposed to cohesion failure in adhesively bonded joints). The rough surface
of a typical bulk of the solder material existing on both sides of the aluminium laps are shown in

Figure 19 post ultimate failure, a clear indication of no-interface failure case.

A Uit of focus: lower
- microstructural. diffe

In focus: Highter surface but'no ¥
microstructural difference in.surfacgs| 200 ym

Figure 19. Optical microscopy of the shear area of Al6082T6 joints

4. Conclusions

This article investigated the merits of using carbon nanomaterials reinforcing agent to mix with
commercial tin-based solder material, C-Solder®. A comprehensive microscopic examination
followed by the mechanical testing procedure involving microstructure, hardness, melting

temperature, creep nanoindentation behaviour and single-lap shear joining testing with 0.01 wt.%
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and 0.05 wt.% carbon black, graphene and single walled carbon nanotubes 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 additional 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.

The results of the creep nano-indentation testing suggested an optimal creep behaviour occurs
for the nanomaterial addition of both 0.01 wt.% and 0.05 wt% with the best performance for the 0.05
wt.% addition. As for the hardness, it was observed that the increase in weight percentage of the
nanomaterials in the solder matrix increases the hardness.

The single-lap joining of Al6082T6 substrates using the pristine and carbon nanomaterials
reinforced solders showed comparable performance in terms of the average shear strength (ie.,
failure load divided by the overlap area) and failure displacement with in-use structural adhesive
bonding with a significant improvement in the exhibition of progressive 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 material and process provides an opportunity to
develop low cost 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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