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a b s t r a c t

Small-diameter, thin-walled pipes have applications in a wide range of industries including

high-energy physics, heat transfer, nuclear, medical and communications. There are no

standards that exist for welds less than 0.5 mm in width, and as such it is difficult to

determine the likely performance of a thin-walled pipe weld. Porosity is largely inevitable

in fusion welded joints and is a determining factor in the performance of a connection.

This study focused on characterisation of the evolution of strains in soldered welds less

than 0.5 mm in width, by incrementally tensile loading samples and studying them in-situ

with Synchrotron X-Ray Computed Tomography and X-Ray Diffraction. Two sample ge-

ometries were studied, and porosity defects were present in both, although the levels of

porosity size, number and area varied dramatically between the two samples.

Lattice strain interpretation showed that crack propagation for such samples is not

driven by porosity but that crack evolution occurs at the same location and load levels

irrespective of the presence of pores. Residual stresses of up to 0.3% from the fusion

welding process were seen in both samples and appear to have a greater impact on loca-

tions of failure than porosity. Porosity does cause differences in strains across directions,

however high strains alone did not appear to cause premature failure. Hence, efforts to

improve weld strength should in future focus more on reducing residual stresses than

reducing porosity.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
advances in manufacturing techniques. They have become a

1. Introduction

The use of small-diameter, thin-walled, metallic tubes, or

pipes, have increased dramatically over recent years due to
.M. McNair).
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key value-adding factor in a number of industries such as:

particle physics, nuclear energy generation, medical science

and mobile communications by allowing the production of

smaller components and supporting tighter tolerances [1e4].
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However, many applications of such thin-walled pipes require

the use of piping longer than can be manufactured, or

compatibility with other components of differing diameters or

materials [5,6]. Therefore, joining thin-walled pipes is

commonly required, and strong, reliable joints are crucial for

the uptake of thin-walled pipes within industry.

Due to the relatively new application of thin-walled pipes

within industry, there are few qualitative studies on joining

methods and how to control parameters to ensure an effective

joint on a smaller scale [7]. However, soldering is a common

joining method that has promising compatibility with thin-

walled pipes as it is frequently used to create very thin

bonds between components, such as for electronics applica-

tions [8e11]. Soldering is also an appropriate choice when

joining dissimilar materials [12,13], complex geometries [14],

and it is a method which is well established for larger diam-

eter piping [15,16].

During the soldering process a filler material is heated and

melted using an appropriate heat source, and the solidifica-

tion of the solder creates a strong bond between the two

surfaces to be joined. This method is very similar to brazing,

however in contrast to this method the melting point of sol-

ders are limited to less than 450 �C [17]. Several factors can

affect the quality of a soft soldered joint including porosity or

cracks in the solder, incomplete bonding at the solder/sub-

strate interface or too much/too little filler material. As such,

the joining parameters must be carefully designed and

continuously controlled to ensure a strong and reliable joint

[18].

The standards that exist to assess the quality of a soldered

joint require a minimum joint thickness of 0.5 mm, which is

typically several times larger than the average thin-walled

pipe joint [19e21]. Previous studies have indicated that the

in-service performance of fusion welded components de-

pends on microstructural features across length scales [22]

however this has not yet been properly defined within engi-

neering standards. As such, it is difficult to determine the

limits on permitted defects or flaws for thin-walled pipe joints

and designers tend to be over-cautious. This can lead to higher

production costs, delays in manufacture in addition to a lack

of confidence in thin-walled pipe connections.

Solder voids, or porosity, are an almost inevitable defect or

flaw that can occur within solder joints, that are generally

caused by the heating process of the filler material [23]. The

addition of heat can cause evaporation and entrapment of

gases in the solder, or alternatively gases can arise from

metallisation reactions between the filler material, substrate

and/or substrate coating [24]. Voids have been shown to have

a negative impact on the reliability of soldered joints,

although this is dependent on both the size, frequency and

location of this type of defect [25]. Larger voids directly affect

the mechanical strength of the joint due to a reduction in

solder area [26], whereas if several smaller voids exist close to

one another, there is a higher probability of crack propagation

and subsequent failure [27].

Thiswork aims to determine the effects porosity has on the

strength, load response and failure mode of soft-soldered,

thin-walled pipe joints using high-energy synchrotron radia-

tion. Synchrotron X-Ray Diffraction (SXRD) is a powerful

technique used to characterise position of atoms within
materials and the spacing between atomic planes [28]. By

incrementally loading samples and studying the SXRD pat-

terns in-situ, the evolution of lattice strain can be obtained and

localised regions of high strain can be identified [29]. Syn-

chrotron radiation is also an excellent source of radiation for

tomographic imaging as it is high intensity and spatially

coherent [30] which can create highly spatially resolved im-

ages (microscale pixel sizes) [31]. Synchrotron X-Ray

Computed Tomography (SXCT) involves recording a series of

2D radiographs which are then reconstructed into a 3D image

[32]. This 3D image is recorded in-situ and directly compared to

the areas of high lattice strain as per SXRD experiments, with

no need to remove loading from the sample. Due to its high

resolution, synchrotron characterisation is of increasing in-

terest in the study of cracking and other failures induced by

porosity, precipitates and intermetallic inclusions, as well as

grain structure of metallic materials, as previously demon-

strated by Wu et al. [33].

The main application drive for this work is the use of thin-

walled pipes for use inside accelerator physics particle de-

tectors. In particular, thin-walled, stainless steel pipes will be

used in two-phase CO2 cooling for the Compact Muon Sole-

noid (CMS) tracker upgrade at CERN, Switzerland [34]. Thin-

walled pipes have been chosen as they allow effective heat

transfer, reduce the mass of the system (and the associated

shadowing in particle detection) [35], and allow the high

pressures required for effective two-phase CO2 cooling [36].

However, the cooling system will be several kilometres in

length and the limiting geometry of this design mean that

soldered joints are required to be an integral part of the

cooling structure. In addition to these mechanical strength

demands, the detector will be in place for over 10 years with

no planned maintenance, and as such reliability of joints is

key for long-term success.
2. Methodology

2.1. Sample preparation

Two different samples were prepared for this experiment,

representing designs that will be used in two different mod-

ules, the PS and 2 S [37]. The first sample (designated TBPS) is a

38mm long capillary tube, with outer diameter 2mmandwall

thickness 0.5 mm. The parent material for the sample tube is

stainless steel 316 L, with a CuNi coating. The thin-walled pipe

was then attached at both ends to a CuNi stud and grip, using

a soft soldered Sn62Pb36Ag2 flux. To ensure one joint would

predictably and reliably fail before the other, one end of the

pipe was soldered with a 3 mm overlap, while the other was

10 mm. A schematic cross section of the test sample is shown

in Fig. 1a.

The second sample (designated TB2S) was made up of a

CuNi 70/30 stud soft soldered to a grip of the same material,

with a 3 mm overlap, also using Sn62Pb36Ag2 flux. The grip

had an outer diameter of 3 mm and a wall thickness of

0.75 mm. This geometry is shown in more detail in Fig. 1b.

For both samples a 15 mm M6 male threaded grip is

attached at each end to hold the sample securely in place in

the load cell and provide the tensile loading.

https://doi.org/10.1016/j.jmrt.2022.12.088
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Fig. 1 e TBPS sample configuration (a) and TB2S sample configuration (b).
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2.2. Experimental set-up

In-situ tests were performed on the I12 beamline at Diamond

Light Source, UK. A Deben CT5000 5 kN load cell (Deben, UK)

was used to perform tensile loading of the sample, in a

displacement control mode. The load cell was held stationary

at each increment to facilitate radiograph and transmission X-

Ray Powder Diffraction (XRD) pattern collection.

Monochromatic tomography was performed using a beam

energy of 120 keV (wavelength ¼ 0.10 �A). Samples were rotated

between �90� and 90� in increments of 0.1� with an exposure

time of 0.25 s per point. A high-resolution PCO. edge imaging

camera (PCO, Germany) recorded radiographs with a pixel size

of 1.3� 1.3 mm2 and a field of view of 3.3� 2.8mm2 (2540� 2150

pixels). To facilitate through-average 2D strain mapping, a

50 � 50 mm2 collimated 120 keV beam was used. A Pilatus 2 M

CdTe 2 M detector (Dectris, Switzerland) wasmounted offset to

the imaging camera in the x-direction and was translated into

the central position to record 2D diffraction patterns at each

load increment.
Fig. 2 e Images of test setup: a) upstream view of a TBPS samp

diffraction detector. b) Side-view of setup showing incident and

and tomography detector.
For the SXRD collection, the sample was rastered across

the beam to form a grid array, with measurements taken at

points 200 mm apart in both the x and y directions to

capture localised strain effects. Between each scan, a tensile

load was applied at a strain rate of 0.1 mm/min. Data

collection was taken at set displacements to allow compar-

ison of performance between the two sample types. A

custom grip system was designed and manufactured in

house for the Deben CT5000, this allowed the load cell to

provide tensile load and hold this load at a set displacement

for the duration of the data collection. Fig. 2 shows the

detector arrangement as well as a TBPS sample from

the experiment before loading, with the top section of

the Deben load cell removed for clarity, as well as the

detector arrangement. Fig. 3 shows an overall schematic of

the test set up.

The SXRD data was calibrated using a Lanthanum Hex-

aboride (LaB6) sample, and the sample to detector distance

was determined to be 1146 mm. An exposure time of 20s was

used to collect the SXRD data.
le secured into the bottom grip of the Deben load cell and

transmitted beam, translation stages, beam defining slits
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Fig. 3 e Geometry of grips used to provide tensile loading (a) and experimental set-up of beamline (b).
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2.3. Synchrotron X-Ray Diffraction analysis

The SXRD data analysis was performed by reducing the 2D

diffraction patterns into a 1D plot of intensity against scat-

tering angle, which were subsequently fitted to provide esti-

mates of the relevant peak centres. This process was

performed using Data Analysis WorkbeNch (DAWN) software

developed by Diamond Light Source [38,39]. Following the

fitting of the peak centre from the calibration process, the

diffraction patterns were reduced into plots of intensity

against 2q by azimuthal integration [40e42]. This was done

both in the horizontal and vertical directions by defining the

integration angles as shown in Fig. 4.

As can be seen from Fig. 4, for both orientations two arcs of

20� are taken across the respective axes known as the

azimuthal range. The two arcs are then summed to give the

intensity in this direction which can be used to resolve the

strain in the vertical and horizontal directions, as these may

be different upon loading.

The geometry of the sample meant that some points in the

grid were ‘off sample’ and therefore an automated process

using thresholding of the diffraction intensity was performed

to identify these pointswithin DAWN. This array of ‘on’ or ‘off’
Fig. 4 e Azimuthal angle notation and angles u
sample points were translated into real space, by comparing

the x and y motor positions, to allow direct comparison be-

tween the XRD scans and tomographic images as summarised

in Fig. 5.

To facilitate accurate peak fitting, the 1D azimuthal inte-

gration patterns were processed in DAWN using the

following ‘pipeline’: Gaussian background subtraction, 1D

crop of data at set 2q values to highlight the peaks of

interest and finally Pseudo-Voight fitting [43] to find the

peak centres. Fig. 6 shows a 1D curve after a Gaussian

background subtraction and 1D trimming, with the corre-

sponding Miller indices of CuNi highlighted for each

intensity peak [44].

DAWN allowed for batch processing of peak centre iden-

tification using the Pseudo-Voight fitting regime. After this,

the peak centres in 2Wwas converted to the crystal interplanar

spacing (d) using the Bragg equation (Eq (1)).

2dsinq¼ l (1)

where l is the wavelength of the incident x-rays (0.10 �A)

determined during calibration. CuNi is a Face Centred Cubic

(FCC) crystal structure, and the following expression can be

used to convert d to the lattice constant a.
sed for vertical and horizontal integration.
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Fig. 5 e (a) Sample geometry with SXRD positions bounding box highlighted (b) grid with SXRD data points either

characterised as ‘on sample’ (green) or ‘off sample’ (red) (c) example ‘on sample’ curve and (d) example ‘off sample’ curve.
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dhkl ¼ a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p (2)

where the constants h, k and l are taken from the crystal

plane. For the plane (200), this equation simplifies to:

d200 ¼ a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

22 þ 0þ 0
p ¼ a

2
(3)

CuNi has a nominal unstrained lattice parameter

(a0) ¼ 0.3534 nm [45], which then allows for the given strain at

any point to be calculated via.
Fig. 6 e 1D SXRD curve taken from TB2S sample, with each

peak corresponding to a crystal plane of CuNi 70/30

(highlighted).
strain¼ a� a0

a0
(4)

The given percentage strain from each data point was then

converted into real space using the x and y motor positions at

each data point to produce strain maps of the sample. Within

the regions where solder was present the additional diffrac-

tion patterns associated with this phase were visible in the

SXRD patterns. Fig. 7 shows an integrated SXRD pattern for

the pure solder, with no CuNi peaks present.
Fig. 7 e SXRD pattern of solder without CuNi peaks.

https://doi.org/10.1016/j.jmrt.2022.12.088
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Fig. 8 e Slice locations for 2D porosity evaluation for (a)

TB2S and (b) TBPS samples.
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To calculate the strain in the solder, the (112) peak was

identified [46] as this peak was distinct from the CuNi curve

and minimised any interaction between the two phases. In

order to provide estimates of strain an average interplanar

spacing d was found for the unloaded sample, and this d0 was

used to calculate the strain as per Eq (5).

strain in solder¼ðd� d0Þ
d0

(5)

2.4. Synchrotron X-Ray Computed Tomography analysis

3D reconstruction of the 2D SXCT data was carried out using

Savu software (Diamond Light Source, UK) [47]. The images

acquired during SXCT data collection are based on absorption

of the incident X-rays, as described by Lambert-Beer's Law, Eq

(6) [31].

I¼ I0e
�m

r l (6)

where I0 is the intensity of the incident X-rays, m is the linear

attenuation coefficient, r is the density of the material and l is

the mass thickness of the material and I is the resulting

intensity that reaches the detector.
Fig. 9 e Porosity analysis process with (a) original ima
When a sample is composed of different phases, the

attenuation coefficients will vary with position which results

in phase contrast in the image. However, the quality of the

radiograph can also be affected by signal noise, beam hard-

ening and scatter. Brightfield and darkfield correction of the

resulting images was performed [48]. To remove artifacts in

the data caused by beam hardening (where the average beam

energy increases due to high density materials absorbing

lower energy photons at a higher rate [49]) the beam was ‘pre

hardened’ by passing the beam through 0.5 mm aluminium

filters. These filters improve the image by removing low en-

ergy photons from the spectrum to create a more uniform

higher energy spectrum incident beam [50].

2.5. Porosity analysis

To characterise the levels of porosity within the solder re-

gions, the SXCT data was analysed using Avizo 9.2 (Thermo

Fisher Scientific, USA). Regions of interest were identified at

various points along the Z axis of the sample, Fig. 8.

These images were then transferred to ImageJ (LOCI, Uni-

versity of Wisconsin, USA) and assessed using the “analyze

particles” function as shown in Fig. 9. This process generated

information on number of pores, the area of each pore and the

most significant dimension of each pore. The area of pores

was summed to give the total area of porosity, and this was

used to generate percentage porosity.
3. Results

3.1. SXCT failure mode analysis

Upon analysing the SXCT images, it was found that the TB2S

sample has a significantly higher level of porosity than the

TBPS sample], with some pores approaching the width of the

solder material. Figs. 10 and 11 show the XCT images of the

TB2S sample at progressive load increments, in the XY and XZ

planes respectively. Comparing the unloaded state to 0.5 mm

and 0.75 mm displacement it can be seen that failure starts to

after an extension of 0.5 mm, with cracks appearing in the
ge, (b) thresholded image and (c) particle analysis.

https://doi.org/10.1016/j.jmrt.2022.12.088
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Fig. 10 e SXCT images of TB2S sample under progressive loading (aec) with porosity outlined to demonstrate changed in

morphology at different load increments (def).
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horizonal direction and voids beginning to change in shape

and widen.

Figs. 12 and 13 show the XCT images of the TBPS sample at

progressive load increments, in the XY and XZ planes

respectively. In these Figures, it can be seen that the solder

distribution is more even, with significantly fewer pores.

Despite this, failure occurs at the same elongation increment
Fig. 11 e SXCT Images of TB2S sample from XZ plane at unload

displacement (c).
of 0.5 mm. In addition, the cracks propagate from the same

location, close to the edge of the inner pipe, at both ends. This

suggests that the crack propagation for the TB2S these sam-

ples are not solely driven by the porosity levels and that ge-

ometry has an important role to play in thin solder failure.

Since bonding strength of a soldered joint is often related

to the area of solder [51], when there is a pore that reduces the
ed state (a), 0.5 mm displacement (b) and 0.75 mm

https://doi.org/10.1016/j.jmrt.2022.12.088
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Fig. 12 e SXCT images of TBPS sample from XY Plane, at

unloaded state (a), 0.25 mm displacement, (b) 0.5 mm

displacement (c) and 1 mm displacement (d).
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area of solder it follows that there will be a reduction in

strength [26], however this was not observed in this study. In

contrast, the reduction in area between pores and centre of

the sample appear to have had little effect on crack genera-

tion, with cracks originating and propagating along the centre

of the solder independently of the presence of pores.

Figs. 12 and 13 show the cross sections in the TBPS sample

at the same locations as per the TB2S samples in Figs. 10 and

11. It can be seen that the solder contains significantly fewer

pores and that failure occurs at the samedisplacement level of

0.5 mm. In addition, the cracks propagate in the same loca-

tion, close to the edge of the inner pipe. This suggests that the
Fig. 13 e SXCT images of TBPS sample from XZ Plane, at unloade

(c) and 1 mm displacement (d).
crack propagation for the TB2S sample was not driven by the

porosity levels and the pores did not significantly influence

the failure of the solder from cracks travelling between pores.

Analysing the data in a 3D reconstruction, it becomes

clearerwhere the failures occur relative to pores. Fig. 14 shows

a 3D comparison of the TBPS solder at 0 mm and 0.5 mm

displacements, with a large pore highlighted.

From Fig. 14 it can be seen that the shape of the large pore,

circled, does not significantly change between loading. How-

ever, the main failure location for the 0.5 mm loaded state

occurs at a significant distance away from this large pore.

Comparing the failure point with the unloaded image, it ap-

pears that the solder was thinner in this region, which may

have lead to early failure.

Fig. 15 shows a 3D comparison of the TB2S solder at 0 mm,

0.5 mm and 0.75 mm displacements.

From Fig. 15 it can be seen that several large pores do not

change in shape upon loading, and that cracks appear at the

base of the solder. Cracks do propagate between some smaller

pores, but larger pores, like those highlighted, are unaffected.

3.2. Porosity analysis

The porosity analysis process was carried out at 5 slices along

the sample. Fig. 16 shows the percentage porosity levels at

each slice for the two samples, and the corresponding number

of pores that existed in that slice, for both TBPS and TB2S

samples.

As can be seen in Fig. 16, the TB2S sample always has a

greater number of pores than the TBPS sample, and an overall

much higher percentage porosity. However, there is no clear

trend that can be drawn between the number of pores and

percentage porosity, indicating that there is a wide range in

size of pores.

3.3. SXRD lattice strain interpretation

Following the process of isolating CuNi and solder SXRD peaks

described in Section 3.3, horizontal strain maps are presented

for both the combined results and the isolated solder peaks for

both the TB2S (Figs. 17 and 18 respectively) and TBPS (Figs. 20

and 21 respectively) samples while vertical strain maps are
d state (a), 0.25 mm displacement, (b) 0.5 mm displacement

https://doi.org/10.1016/j.jmrt.2022.12.088
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Fig. 14 e 3D reconstruction of TBPS solder showing (a)

unloaded state and (b) 0.5 mm displacement.
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presented for the combined TB2S sample and TBPS solder

(Figs. 19 and 22 respectively).

In both samples, it can be seen that the strains within the

solder are higher than the CuNi sleeves (Figs. 17, 19, 20 and 22)

in all displacements bar one, the TB2S sample under 0.5 mm

loading (Fig. 17). For this sample, the horizontal strains are

very high within the CuNi sleeve, before reducing upon

further loading. This suggests that horizontally the solder was

transferring loads to the grip and had not yet completely

failed.

Strains are also present within the solder in an

unloaded state (Figs. 17 and 20). This suggests that there are

some residual strains present in both samples within the

solder from the manufacturing process. To better visualise

the locations of residual stresses within the solder, strain
Fig. 15 e TB2S solder at (a) 0 mm, (b) 0.5 mm and (c) 0.75
maps for both sample types are overlaid onto SXCT images,

Fig. 23.

From Fig. 23 it can be seen that the unloaded TB2S sample

has strains of up to 0.15%, but negative strains of up to 0.3%.

However, the unloaded TBPS sample also has positive strains

of up to 0.15% but slightly lower negative strains of 0.2%. Both

samples have areas of high strain located within the soldered

areas, with variations in positive and negative strains across

the solder. These are likely to be residual stresses that exist

from the soldering process. Residual stresses are unavoidable

in fusion welded components [52] due to the application of

external heat to melt the solder. Upon cooling from the liquid

state the metal contracts and creates residual stresses which

can then expand into the substrate either side as a Heat

Affected Zone (HAZ) [53].

Upon loading, the two samples have very different evolu-

tions of strains within the solder. The TBPS sample has very

similar strain profiles in both the horizontal and vertical, with

distinct areas of high negative and positive strain present

across all displacements (Figs. 20 and 22). For the TB2S sample,

the horizontal strains aremuch higher across the samplewith

particularly high stains seen in the CuNi grip upon loading. For

the vertical strains, the locations of high strain are solely

located within the solder, with high negative strains seen at

the largest displacement. This negative strain of 0.7% is more

than double the negative strains seen in the TBPS sample,

which only reach a maximum of 0.3%.

The differences in magnitude of strain seen in the TB2S

sample compared to the TBPS sample suggests that voiding

does cause differences in strains induced upon loading. The

differences in strainmaps between the vertical and horizontal

strain components for the TB2S sample also suggests that

voids also influence how stresses are transferred upon

loading.
4. Discussion and outlook

While porosity is inevitable for soldered joints, standards that

exist for standard sized welds (>0.5 mm) indicate that there is

a level of ‘acceptable’ porosity based on percentage, size and

number of pores. This study has found that these do not
mm displacements with selected pores highlighted.
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Fig. 16 e Graphs of number of pores per slice (a) and percentage of pores per slice (b) for both TBPS and TB2S samples.

Fig. 17 e Horizontal strain maps for CuNi and solder peaks for TB2S sample at 0 mm displacement (a) 0.5 mm displacement

(b) and 0.75 mm displacement (c) with the area of strain maps highlighted on sample geometry (d).
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Fig. 18 eHorizontal strainmaps for isolated solder peaks for TB2S sample at 0mmdisplacement (a) 0.5 mmdisplacement (b)

and 0.75 mm displacement (c) with the area of strain maps highlighted on sample geometry (d).
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directly relate to welds for thin-walled pipes (<0.5 mm) as

samples with consistently higher percentage, size and

number of pores do not fail prematurely to those with less

porosity.

In this study, it can be seen that there is a significant dif-

ference in strains within the thin solder upon loading, both in
Fig. 19 e Vertical strain maps for CuNi and solder peaks for TB2S

and 0.75 mm displacement (c) with the area of strain maps hig
terms of magnitude and direction when comparing a sample

with significant voids to one with fewer. Within literature, it

has been suggested that voids within a solder cause local

stress concentrations [54,55] and large pores create local

stresses/strains that evolve progressively with deformation

[56]. However, other studies have shown that both the shape
sample at 0 mm displacement (a) 0.5 mm displacement (b)

hlighted on sample geometry (d).
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Fig. 20 e Horizontal strain maps for CuNi and solder peaks for TB2S sample at 0 mm displacement (a), 0.5 mm displacement

(b) and 1 mm displacement (c) with the area of strain maps highlighted on sample geometry (d).
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of a void and the crystallographic orientation of the sur-

rounding material have a strong impact on performance and

crack initiation and propagation [57] and as such the size and

volume of pores alone may not be an accurate indication of

likely performance.

This study has suggested that while voids or porosity do

have an effect on the strain induced upon loading, there is not

the level of high strain concentrations seen around pores

when the solder levels are thicker.

The differences in strain evolution between porous and

non-porous samples does not directly relate to early failure,

with SXCT images indicating that crack initiation and propa-

gation occurs at the same displacement in both samples. This

suggests that the reduction in solder material due to large

pores does not affect the overall loading performance for thin

soldered joints, and that overall performance is driven by

other factors. SXCT images also show that the shape of large
Fig. 21 e Horizontal strain maps for isolated solder peaks for TB

(b) and 1 mm displacement (c) with the area of strain maps hig
pores is largely unaffected by loading, even when significant

failures have occurred in the solder.

Comparing the SXCT images to the SXRD strain maps, it

can be seen that areas of higher strain within the porous

sample (TB2S) do not directly correlate with crack initiation or

failure points. In contrast, strain maps of a soldered

sample with lower porosity (TBPS) show localised residual

strains at areas of heat application during the soldering pro-

cess, Figs. 20 and 22. These residual strains correlated directly

to the areas of failure in the SXCT data suggesting that

residual strains have a direct impact on failure locations for

these samples.

Residual stresses are a largely unavoidable phenomenon

when fusion welding components, due to the cooling of the

liquid solder after joining which has been shown to lead to

complicated, inhomogeneous plastic deformations within the

solder [58]. The differences in residual stresses between the
2S sample at 0 mm displacement (a), 0.5 mm displacement

hlighted on sample geometry (d).
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Fig. 22 e Vertical strain maps for CuNi and solder peaks for TB2S sample at 0 mm displacement (a), 0.5 mm displacement (b)

and 1 mm displacement (c) with the area of strain maps highlighted on sample geometry (d).

Fig. 23 e Strain Maps for Unloaded (0 mm Displacement) overlaid onto XCT images for (a) TB2S Sample and (b) TBPS Sample.
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two samples studied are likely to be caused by the significant

changes in geometry for both the solder and supporting ma-

terial. The TBPS sample likely retained more residual stresses

after soldering as the solder was contained within the sleeve

and unable to contract after cooling (Fig. 13) whereas the TB2S

solder was less contained by the geometry (Fig. 11).

The results of this study serve as an important reference

point for a number of ongoing studies. In particular a range of

micromechanical test methods are being used to further

probe the magnitude and microscale spatial distribution of

localised residual stresses at regions of interest. This includes

the use of the ring-core focused ion beam and digital image

correlation technique [59e61] and nanoindentation/micro-

pillar compression across cross-sections of the sample [62].

Further, finite element simulations of the soldering geometry

are also being prepared in order to artificially simulate the

presence of a range of void distributions, in order to predict

the impact of various defect types on the failure load and fa-

tigue properties of the joints [63]. The insights gained from
these further tests and simulations can then be used to alter

sample geometry and/or weld parameters to minimise resid-

ual stress and maximise joint performance.
5. Conclusions

Thiswork has demonstrated through SXCT imaging and SXRD

strain mapping that evolution of strains and failure modes of

small-diameter, thin-walled pipe connections are complex,

and traditional standards for the characterisation of accept-

able porosity levels do not sufficiently determine whether of

not a joint will fail prematurely. The main conclusions that

can be drawn are as follows:

1. High levels of porosity, up to 10.5% of the total solder area,

do not negatively determine the performance when sub-

jected to a progressive tensile displacement, with crack

initiation and propagation occurring at the same
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displacement as samples with much lower porosity, at a

maximum of 4.65% of solder area.

2. Crack initiation and propagation is not driven by porosity

and is seen at the same location and loading irrespective of

porosity, suggesting that geometry of design is a more

important indicator of failure location.

3. Residual stresses are seen within both samples, however

the largest residual stress is in tension for the porous

sample (maximum strain of 0.15%) and in compression for

the less porous sample (maximum strain of 0.3%). From the

change in geometry between the two samples, it can be

assumed that high compressive strains are a result of less

freedom of movement during the cooling process.

4. Stress evolution within the less porous sample was very

similar in both horizontal and vertical directions, whereas

the more porous sample had very different strain evolu-

tions, with horizontal strains appearing to propagate more

evenly through the sample, while vertical strains were

isolated on the failure points.

Overall, the above conclusions all indicate that the strain

evolution within thin-solder joints are very complex, and

while porosity does have an effect on the stresses within the

solder, the presence of pores alone cannot predict early fail-

ure. To understand themechanisms which cause early failure

of such joints, and in turn create standards to determine an

acceptable or unacceptable joint, more work needs to under-

taken to characterise the effects of joint geometry and joining

parameters on residual stress evolution as this work indicates

that crack initiation is driven by residual stresses and not

porosity alone.
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