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A B S T R A C T

A quantitative investigation of the porosity and its effects on mechanical properties was conducted on brazed
materials presenting macroscopically brittle behavior with various defect levels. Three different techniques for
evaluating the porosity and the fracture mechanisms were compared: (i) pre-mortem X-ray computed tomography
(XCT), (ii) post-mortem laser scanning confocal microscopy (LSCM), and (iii) post-mortem scanning electron
microscopy (SEM). The apparent surface area of the pores was evaluated by segmenting the height maps pro-
duced by LSCM and the electron backscattered images produced by SEM. The results show good agreement for
different porosity levels. The LSCM height maps for opposite fracture faces were virtually stitched together in
order to reconstruct three-dimensional (3D) images of the whole brazed joints. These proved to be similar to the
XCT 3D segmented images, yet with some discrepancies due to local plastic deformation. Quantitative volume
fraction and spatial distribution of pores were assessed as well as the identification of fracture mechanisms.
Interestingly, it was noted that two specimens with different ultimate tensile strengths presented the same
porosity amount, but different distributions. Two distinctive features were identified in the broken specimens:
plastically teared pillars and walls that were separating the pores before fracture, and plateaus of approximately
constant height with micro-sized dimples showing interfacial fracture. Although the specimens exhibited a
macroscopic brittle behavior, these features are characteristic of ductile fracture. The most probable scenario for
fracture was conjectured as follows: (i) Final fracture occurs in the near-surface region of the samples and
conversely early damage develops in the volume, (ii) Interfacial fracture within plateaus is responsible of the
rupture/strength of the brazed specimen but detrimental effect is induced by the tearing if highly voided regions
are present in the joint.

1. Introduction

Defects in materials and material assemblies, such as incoherent or
brittle particles and pores strongly trigger the mechanical performances
of structural components. In the case of brazed materials, limiting the
occurrence of defects such as cavities and precipitates in joints is a
challenge for their in-service integrity. The presence of precipitates has
received a lot of attention and brazing processes have been optimized to
minimize their size or their presence [1–3] in order to maximize the
static and fatigue mechanical properties of the joint [4–8]. However,
the presence of porosities within the joint can also severely lower the
mechanical strength of the welded assembly [9–13]. Schematically,
pores in brazed joints can be caused by various factors among which the
most significant are (i) an insufficient cleaning of the surface, (ii) a low
wetting of the joint filler on the base metal, (iii) gas bubbles, (iv)

cracking due to uneven thermal expansion of the assembly, and (v)
Kirkendall effect due to difference in diffusion rate of the elements
constitutive of the brazing paste and the base material. During loading,
pores act as stress concentrators that substantially lower the quasi-static
tensile strength and creep resistance [11,14], as well as fatigue per-
formance [12] of the parts. The characterization of such defects is
therefore relevant to better understand damage mechanisms leading to
in-service rupture, and to control the components prior to commis-
sioning or during in-service inspections.

Several characterization techniques are available to assess two-di-
mensional (2D) or three-dimensional (3D) descriptions of defects in
materials in a destructive or non-destructive manner, before or after
mechanical testing. For instance, optical and/or scanning electron ob-
servations of samples cross-sections are relevant tools to quantify 2D
porosity [15] and possibly extrapolate the results in 3 dimensions
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thanks to stereological principles [16]. Among the non-destructive
methods, ultrasonic testing is widely used to detect flaws in industrial
components and label them as accepted or rejected based on standar-
dized criteria [17]. However, care must be taken when attempting to
derive localized and quantified porosity characterization, since features
such a roughness, defects orientation and cross-section variations can
cause artifacts in the formed image [18]. Lock-in thermography, based
on the dampening of sinusoidal heat waves in a material [19] can also
provide images of defects in joints, as illustrated in Ref. [20]. In their
usual configurations, these two latter methods produce 2D images of
the defects.

By contrast, X-ray computed tomography (XCT) provides the most
comprehensive assessment of inclusions, second phase particles or
pores. It is generally carried out on specimens before and during testing
[21,22], but can also provide valuable results as a post-mortem analysis
tool [23]. This characterization technique presents the advantage to
analyze a consequent volume but finds limitation for large components
due to the absorption of X-rays by the material. Trade-off has thus to be
found between the thickness of analyzed material and the resolution
necessary for defects detection. To that respect, laminography, or XCT
applied to thin sheet-like specimens, is a promising technique for in-situ
assessing damage development of materials, such as pores nucleation
and growth, with a micrometer resolution [24,25]. However, a syn-
chrotron radiation is required to achieve such high resolution for large
specimens.

To overcome such “resolution/sampled volume” ratios, destructive
serial-sectioning/observation techniques are proposed in the literature.
Successive polishing [26–28], laser beam [29] or focused/broad ion
beam ablation [30–32] operations followed by surface observations
enable reconstructing 3D volumes with fine details. However, these
destructive techniques do not allow further investigations on the sam-
ples and have to be considered as the final step in the characterization
process.

Fractographic investigations are of common use to identify fracture

mechanisms, generally on one half of the fractured samples. Defects
found on fracture surfaces are not necessarily representative of the
whole samples but evidence critical configurations responsible for the
failure of the samples. In the particular case of porous materials, some
features can be particularly investigated, i.e. size, morphology, location,
neighborhood interaction, etc. Post-mortem analysis is currently per-
formed in scanning electronic microscopy (SEM), and more recently in
white light and laser scanning confocal microscopy (LSCM) [33,34].
The latter technique provides topographic characterization with lateral
and depth resolutions lower than 0.01 μm with an appreciable repeat-
ability. A fine analysis on fields of view of several square-millimeters
can then be conducted with appropriate spatial resolution.

Fig. 1. Brazing process and position of the specimens (schematic).

Table 1
Chemical composition of the blocks and the filler material (in weight%).

Fe Cr Cu Ni Mn Si Nb + Ta Pd B

17-4PH SS Bal. 15–17.5 3–5 3–5 <1 <1 0.15–0.45 – –
Palnicro™-36M – 9–11.5 – 50 – 0.25–1 – 35–37 2.5–3.25

Fig. 2. SEM micrograph of intermetallic precipitates (borides) at the interface
between the substrate and the filler material.

Fig. 3. Tensile stress-strain curves of the high, medium, and low strength spe-
cimens, and corresponding SEM lateral micrographs before fracture ((a) to (c),
respectively).
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In the present investigation, attention will be paid on the quanti-
tative characterization of micrometric pores responsible of premature
rupture in macroscopically brittle materials. Brazed materials pre-
senting various pore fractions were used to illustrate the feasibility of
3D reconstruction from fracture surface observations. More specifically,
a procedure to reconstruct the 3D porosity from LSCM topographic
maps of opposite fracture surfaces is presented and compared with pre-
mortem XCT and SEM fractographic analyses. LSCM is central in this
work since it makes the link between 2D SEM and 3D XCT character-
izations. The combination of the three characterization techniques al-
lows elucidating the sequence of events leading to the fracture of the
specimens. The scope of the LSCM reconstruction technique is not
limited to joint materials but englobes various materials subjected to
local deformation such as brittle granular materials, fatigued speci-
mens, and so forth.

2. Materials and experimental procedures

2.1. Materials

Cylindrical 38-mm-diameter and 38-mm-long blocks made of 17-4
PH® martensitic precipitation-hardening stainless steel (17-4PH SS)
were brazed together with a Palnicro™-36M filler metal in the form of
paste (Fig. 1). This Ni-base brazing alloy contains a substantial amount
of Pd that reduces its melting temperature and enhances its wettability
[35]. The nominal composition (weight percent) of the two materials is

reported in Table 1.
After fine surface rectification, the two blocks were degreased and

chemically cleaned with an HCl acidic solution. They were then spot
welded with solder bridges in order to ensure a 60 ± 5 μm gap ne-
cessary for the dimensional regularity of the joint. The brazing opera-
tion was carried out in a furnace under a vacuum pressure of
1.10−5 Torr. Due to the thermal inertia of the blocks, the assembly was
progressively heated to avoid temperature gradient that could lead to
distortions and to excessive liquidation of the brazing alloy. The tem-
perature was first held 15 min at 650 °C, then 15 min at 920 °C. At
1038 °C, the paste was injected at four locations in order to fill the gap
between the blocks by capillarity. The temperature was held during 3 h,
after which the assembly was furnace-cooled.

This brazing condition ensured the absence of eutectic phase in the
joint thanks to the diffusion of boron in the base metal. Intermetallic
precipitates were observed at the interface between the brazed joint
and the base material (Fig. 2). Due to the large dimension of the surface
to be brazed, the process generated a gradient of porosity from the edge
to the center, allowing samples with various porosity levels to be ex-
tracted.

57 mm long dogbone-shape specimens were then wire-electrical-
discharge machined with a 1.5 × 3 mm2 gage section suitable for la-
boratory XCT and LSCM characterizations. The brazing was centered in
the gage length perpendicularly to the loading direction. The specimens
were polished down to 0.05 μm colloidal silica finish. Three specimens
were selected for extended investigations, based on their different

Fig. 4. Flowchart analysis detailing the characterization of a specimen.

Table 2
Mechanical properties of the specimens.

Specimen High strength Medium strength Low strength

Ultimate tensile strength (MPa) 1020 757 618
Maximum elongation (%) 0.31 0.38 0.50



apparent porosity observed at the surface, with tens-of-micrometer
large pores mostly located in the mid-section of the joint (Fig. 3(a), (b)
and (c)). Tensile tests were performed using a 5 kN microtensile ma-
chine (Kammrath & Weiss, Germany) at strain rate 4.10−5 s−1. They
were strained up to about 85–90% of the expected ultimate tensile
strength before being pre-mortem analyzed in XCT.

Fig. 4 presents the processing pipeline for each specimen and the
associated results. The XCT 3D images were processed to provide 3D
porosity measurement and 2D apparent porosity projected along the
specimen axis (Section 2.2). After XCT, the specimens were strained
again and fractured. All of them demonstrated macroscopic brittle
tensile behavior but significantly different tensile strengths (Fig. 3 and
Table 2). In the following, the specimens are labelled as high, medium
and low strength. They were then investigated post-mortem in SEM and
LSCM. The SEM images of the opposite fracture surfaces were quanti-
tatively analyzed, providing measurement of 2D porosity (Section 2.3).
The LSCM height maps were also analyzed for 2D porosity, and com-
bined together to produce 3D thickness maps. The latter was then
analyzed for 2D projected porosity and 3D porosity in the same manner
as the XCT 3D image (Section 2.4).

2.2. XCT characterization

2.2.1. Acquisition parameters
A restrained region containing the brazed joint for each specimen

was characterized with a XT H 225 scanner (Nikon Metrology Inc.,

USA), using the following parameters:

- Tube potential: 120 kV;
- Tube current: 100 μA;
- Exposure time for each projection: 2000 μs;
- Number of projections for 360° rotation: 2634.

The numerical resolution was 2.5 μm/voxel. Several reconstruction
parameters were tested in order to improve the signal-to-noise ratio and
correct both beam-hardening effects and ring artifacts. The defects were
segmented and analyzed with the open source image analysis programs
Fiji [4] and Icy [5].

2.2.2. Segmentation
Strong intensity gradients were observed across the volumetric

images, starting from the base material towards the brazing material.
For that reason, the defects could not be straightforwardly thresholded
using a single gray level. This difficulty arises from the fact the brazing
material has a higher density, hence, higher X-ray absorption power,
than the base material: 0.86 cm2/g mass-attenuation coefficient for
Palnicro™-36M at 100 keV, and 0.37 cm2/g for 17-4 PH® stainless steel
(estimations based on [36] and nominal densities of the main alloying
elements presented in Table 1).

The 3D gray level image had first to be denoised. Since the pores
had an elongated section in the vertical direction at this stage of de-
formation (85–90% of the ultimate tensile strength), it was possible to

Fig. 5. Flowchart and key images for LSCM volume reconstruction of opposite fracture surfaces (tilting angle amplified for visualization purpose). (a), (b): height
maps with green disks indicating the points for levelling; (c), (d): levelled height maps; (e): invert of height map (c); (f): thickness map obtained by combining (d) and
(e). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



filter the volumetric data only in this direction. This operation was
performed by an iterative sequence of grayscale morphological open-
ings/closings with vertical structural elements of increasing sizes (al-
ternating sequential filtering [37]). This operation helped smoothing
the data without altering the morphology of the pores. The image could
then be automatically thresholded by an Otsu algorithm. After seg-
mentation, the 3D porosity fraction was easily measured, as well as the
2D projected porosity fraction.

2.3. SEM fractography

After XCT inspection, the three specimens were strained up to
fracture. Fractographic analyses were then conducted with a Hitachi
SU-70 field emission gun scanning electron microscope (FEG-SEM)

operating at 15 kV. As discussed in greater details in Section 3.2, the
opposite fracture surfaces presented two kinds of visual textures: either
smooth or rough. These two features correspond to plastically deformed
pores, and plateaus of brazed material covered with dimples, respec-
tively. Both regions were discriminated and measured by image ana-
lysis. The BSE images were first processed in order to enhance their
contrast. Two morphological top-hat operations, black and white [38],
were then carried out in parallel in order to extract bright and dark
details constituting the dimples. The two output images were averaged,
resulting in an image showing the plateaus as bright, uniform regions,
and the pores in dark. It was then binarized and cleaned in order to
remove non-significant details and fill holes in the segmented plateaus.

Fig. 6. 3D views of the pores at the mid-section of the specimens characterized by XCT. The blurry region corresponds to the joint. (a), (b), (c): high, medium and low
strength samples, respectively.



2.4. LSCM fractography and volume reconstruction

2.4.1. Height maps acquisition
Topographic measurements of the fracture surfaces were performed

with a LEXT OLS4100 laser scanning confocal microscope (Olympus,
Japan) with a × 20 plan apochromatic lens. Due to the restricted field
of view (640 × 640 μm2), 3 × 6 micrographs were stitched together to
map the entire fracture area. Each individual micrograph had a spatial
resolution of 0.63 μm/pixel with a height resolution 0.15 μm/intensity
level. Both the low wavelength (λ = 405 nm) and the dual confocal
system of the confocal microscope ensured high resolution despite the
high differences in reflectance of the uneven fracture surface.

2.4.2. Volume reconstruction
The fracture surface height maps were processed with the open

source scanning probe microscopy analysis program Gwyddion [6]. The
operations are schematically summed up in Fig. 5. For each specimen,
the height maps were levelled to ensure their horizontality. Three non-
aligned points were selected on an iso-height plateau on the surfaces.
The whole map was then reoriented so that the points lie at the same
height. The height position of each point was averaged over a disk with
a radius of 4 μm. The same points were selected in the second fracture
surface to reorient it. The process is illustrated in Fig. 5, with the re-
ference points marked as green disks in Fig. 5(a) and (b), and the

levelled maps shown in Fig. 5(c) and (d). Once levelled, one map was
inverted to reorient it downward (Fig. 5(e)). Finally, both maps were
combined in order to produce a so-called “thickness map” (Fig. 5(f)). In
this map, null values denote for contact between the opposite faces,
positive values correspond to voids or depressions, and negative values
denote material interpenetration. The uncertainty of this reconstruction
method is evaluated to 5 μm, i.e. material interpenetration or voids less
than this thickness value must be regarded as artifacts. Aside from re-
construction, the individual height maps were segmented for measuring
2D porosity. The thickness map was also characterized in terms of 3D
porosity and projected 2D porosity (Fig. 4).

3. Results

3.1. XCT analysis

Pre-mortem XCT 3D images are pictured in Fig. 6. For the three
specimens, the pores are concentrated within the joint, with varying
quantities and planar spatial distributions. The high strength specimen
presents a few sparse pores, while the medium and low strength spe-
cimens present higher porosity contents. The porosity network in the
medium strength specimen appears approximately homogeneous,
which contrasts with the low strength specimen that exhibits a large
interconnected pore on its left side. Further quantitative

Table 3
2D and 3D porosity fractions measured by SEM and LSCM.

Technique & measurement Zone of the specimen High strength Medium strength Low strength

SEM fractography
2D porosity

Face 1 0.037 0.450 0.622
Face 2 0.044 0.456 0.588

LSCM fractography
2D porosity

Face 1 0.038 0.489 0.532
Face 2 0.051 0.483 0.512

LSCM volume reconstruction
Projected 2D porosity

Faces 1 & 2 0.036 0.295 0.355

XCT
Projected 2D porosity

Volume 0.020 0.175 0.320

LSCM volume reconstruction
3D porosity

Faces 1 & 2 0.018 0.096 0.118

XCT
3D porosity

Volume 0.0057 0.057 0.059

Fig. 7. SEM-BSE micrographs of opposite fracture surfaces (low strength specimen). (a), (c): Global micrographs highlighting interfacial fracture and smooth porous
regions (medium and light gray regions, respectively). (b), (d): High magnification micrographs showing interfacial fractured regions covered by dimples (plateaus),
pores and necked pillars/walls caused by plastic tearing.



characterization presented below (Table 3, Section 3.5) show that both
the medium and low strength specimens have close porosity fractions,
the main difference being their distribution.

3.2. SEM fractographic analysis

SEM backscattered electrons (BSE) fractographies of both fracture
surfaces of the medium strength specimen are shown in Fig. 7. Both
images are very similar, with uniform and textured areas (Fig. 7(a) and
(c)). Observations at higher magnification (Fig. 7(b) and (d)) allow
identifying two kinds of features:

- “plateaus”, or islets of material apparently at the same height, tex-
tured at low magnification, and showing dimples at high magnifi-
cation;

- walls/pillars, i.e. vertically elongated zones of material, character-
ized by thin bright edges, separated by interconnected porosity.

Two different fracture mechanisms were conjectured from this
characterization: (i) interfacial fracture leading to the formation of
large islets of brazed material with micro-sized dimples, (ii) complete
necking/tearing of the brazed material due to the presence of sur-
rounding pores, leading to the formation of pillars/walls. It is worth
noting that the presence of dimples and complete necking are typical
signatures of highly ductile materials, whereas the specimens in-
vestigated in this work exhibit macroscopic brittle behavior.

Fig. 8 presents the original BSE micrographs of the fracture surfaces
and the result of the segmentation operation discriminating the pla-
teaus from the pillars/walls (Section 2.3). The specimens exhibit very
different porosity spatial distribution, as was already observed by XCT.
The high strength specimen has a few sparsely distributed pores, the
medium strength specimen presents a connected porosity network, and

the low strength specimen shows a wide porous area extending from the
left border to the center. The surface fraction occupied by the apparent
porosity is reported in Table 3 (Section 3.5).

3.3. LSCM volume reconstruction

Height measurements were performed on both opposite fracture
surfaces for each specimen (Fig. 9). As previously shown by SEM
fractographic analyses, large “plateau” regions corresponding to inter-
facial fractures were found. The height difference between minimal
(dark blue regions) and maximal (yellow-orange regions) height pla-
teau is about 60 μm. This corresponds to the initial thickness of the
brazed joint, and evidences the interfacial nature of the fracture me-
chanism. The fracture surfaces of the high strength specimen were es-
sentially constituted by large flat regions (“plateaus”) and some small
pores sparsely distributed, illustrated by purple areas on the height
maps. For the medium and low strength specimens, rough regions lo-
cated in the mid-plane of the joint (at ca. 30 μm height) were noticed.
These regions result from highly torn “pillars/walls” regions sur-
rounded by interconnected porosity reported earlier from SEM imaging
(Section 3.1). The height maps were segmented in order to discriminate
the plateaus from the pores in the mid-plane (Fig. 9, lower). The bi-
narized images were then analyzed in terms of apparent 2D porosity
(Section 3.5).

Two opposite fracture surfaces of a local area presenting both in-
terfacial and “pillars/walls” features are displayed at high magnifica-
tion by SEM and LSCM in Fig. 10(a) to (d) to illustrate the cavities
reconstruction and material interpenetration. Two height profiles A and
B over the same region in both faces are plotted in Fig. 10(e). The
profile of the second fracture surface (B, gray plot) was inverted in
height and direction to be directly compared with the first one (A, black
plot). The region corresponding to profile A in Fig. 10(a) is reported

Fig. 8. BSE and segmented SEM images for the three specimens.



below the graph to allow direct comparison between height variations
and the local fractured features. Both profiles show similar variations,
which demonstrates that the height measurement and the maps regis-
tration are sufficiently resolved so that quantitative analyses can be
conducted.

The height difference between the two profiles, corresponding to
the thickness, is plotted in red in Fig. 10(e). Areas of the graph filled in
green correspond to thickness values comprised between −5 and
+5 μm, i.e. artifacts, as mentioned in Section 2.4.2, while areas in red
correspond to pores, some of which are as thick as 25 ± 5 μm, i.e.
values sufficiently high to be distinguished from the regions in contacts.

3.4. Comparison between LSCM volume reconstruction and XCT

The consistency and accuracy of the LSCM thickness measurements
demonstrated via line profile in Fig. 10 enable to extend the char-
acterization of the porosity to 3D reconstructions using height maps.
Fig. 11 presents the height and thickness maps of the same region,
along with 3D views from LSCM reconstruction and XCT. As expected,
the thickness map in Fig. 11(b) shows interconnected porosity with
positive values (purple to orange regions) and plateaus characterized by
low values (dark regions). Interestingly, the border of the plateaus
presents negative values, denoting material interpenetration, while the
interior is slightly positive, denoting the presence of extended voids
that were not observable before fracture. The latter are not represented
in the 3D reconstruction and were not considered for the 3D porosity
fraction measurements. The LSCM and XCT 3D images, Fig. 11(c) and
(d), are similar, yet with larger pores for the former.

Thickness maps were calculated from the whole fracture surfaces of

the three specimens and compared to XCT projected porosity (Fig. 12).
A dark layer at the border of the specimen can be observed on each of
the LSCM reconstructed images, especially the high strength specimen.
This corresponds to a zone of material interpenetration characterized
by negative thickness values lower than −5 μm. The rest of the spe-
cimen shows mostly positive values, indicating that the fracture sur-
faces are concave and present shear lips at the border. Similarly, as
already noted in Fig. 11, most of the plateaus comprise a central region
characterized by positive thickness values in the range of 5 to 10 μm
(blue areas in the thickness maps in Figs. 11(b) and 12) with negative or
near zero values at their border. This is especially visible for the low
strength specimen. These interfacial voids are not yet present on the
pre-mortem XCT results. This confirms that the plateaus are not strictly
planar, but rather slightly concave from their border towards their
center. From these fractographic topographic results, it is not possible
to discriminate the location of the onset of plasticity. However, damage
seems to develop on various locations at the interface, forming plateaus
after void coalescence. These two distinct observations at the scale of
the fracture surface and at the scale of the plateaus, point towards a
fracture scenario involving interfacial debonding between the joint and
the base material, occurring within the core of the specimen and ex-
tending towards its surface. A more detailed discussion of the fracture
mechanism is detailed in Section 4.2.

3.5. 2D and 3D porosity fractions

The porosity fraction was measured with different approaches, i.e.
the fractography 2D porosity fraction from the SEM and LSCM images,
the projected 2D porosity from LSCM volume reconstruction and XCT,

Fig. 9. LSCM height maps of opposite fracture surfaces and corresponding segmented images highlighting the pores (white regions on the segmented faces). (For
interpretation of the references to color in this figure, the reader is referred to the web version of this article.)



and the 3D porosity from LSCM volume reconstruction and XCT
(Fig. 4). These different approaches are required since images obtained
with XCT cannot be directly compared with images obtained with SEM.
LSCM is central in the present study as it bridges the gap between 2D
SEM and 3D XCT observations. For SEM and LSCM, opposite fracture
surfaces were analyzed independently to document the fractography 2D

porosity fraction (Figs. 8 and 9). The fraction volume of the pores but
also the projected 2D porosity from volume reconstruction were mea-
sured for LSCM reconstructed volume and XCT (Fig. 12), considering a
joint thickness of 60 μm. For the LSCM 3D images, the voids at the
center of the plateaus were not taken into account as pores. The results
are reported in Table 3 and plotted against the ultimate tensile strength

Fig. 10. Height distribution and interlock possibility of two opposite fracture surfaces presenting both plateau and “pillars/walls” features. (a), (b): SEM micrographs
(image (b) has been mirrored horizontally); (c), (d): corresponding LSCM height maps; (e) height and thickness profiles demonstrating the possibility of 3D re-
construction.



Fig. 11. Close-up 2D and 3D views of a fracture surface presenting both interfacial and “pillars/walls” features. (a) LSCM height map; (b) LSCM thickness map; (c) 3D
view of the LSCM thickness map; (d) 3D XCT view of the same zone. (For interpretation of the references to color in this figure, the reader is referred to the web
version of this article.)



(UTS, Table 2) in Fig. 13.
Good agreement is observed between the measurements of 2D

fractions on opposite faces characterized in SEM and LSCM for the three
specimens. This confirms the visual appreciation that the fracture sur-
faces are similar (Figs. 8 and 9) and that the data processing is re-
producible for both techniques. For this reason, the data for opposite
faces are not distinguished on the graph (blue dotted lines in Fig. 13).
The results follow the same trend, but are contrasted. The ultimate
tensile strength decreases with the porosity, yet with different values
depending on the measurement technique.

The measurements of 2D porosity fraction by SEM and LSCM are
close, except for the low strength specimen. The difference can origi-
nate in the different information used for segmentation: texture for
SEM, and height values for LSCM. The former is more accurate than the
latter, since it is explicitly measured by the technique, while optical
texture is qualitatively derived from BSE images.

The 2D and 3D porosity values measured on the reconstructed LSCM
images and XCT images (pink solid line in Fig. 13) are close, as could be
expected from visual appreciation of Fig. 11(c) and (d). The values are
much lower than the 2D fractions. The 2D and 3D porosities assessed by
XCT were found smaller compared to LSCM and could be explained by
the deformation state prior and after fracture. This means that the
segmented pores are larger when measured by fractography on opposite
surfaces in SEM or LSCM than by 3D LSCM and XCT. The reason is that
the pores extend due to plastic shearing at fracture, as evidenced by the
presence of pillars/walls already noted in SEM micrographs (Fig. 7).
Fractographic observations do not allow the direct segmentation of fine
pillars/walls and result in higher porosity content in comparison with
the projected 2D porosity from reconstructed volume.

As aforementioned, the 3D reconstruction from the LSCM images
involves some material interpenetration (Fig. 10). So, despite the fact
that the individual LSCM fractographies overestimate the area covered
by the pores because of plastic necking, the 3D reconstruction produces
realistic results, i.e. close to those obtained by pre-mortem XCT.

The 3D porosity values for the low and medium strength specimens
are very close, despite different UTS. However, as already noted, the
pores are differently distributed (Fig. 6): the medium strength specimen
presents an interconnected porosity network, while the low strength
specimen has an extended porous region extending from one of its sides.
Therefore, at equal porosity level in the joint, an interconnected net-
work is more favorable for mechanical strength.

3.6. Plastic deformation and damage of pre-mortem specimens

The gage sections of the specimens were observed with SEM prior to
fracture (Fig. 14). At 85–90% of the ultimate tensile strength, several
slip bands were noticed in the vicinity of pores, parallel to each other
and inclined 45°. Slip bands were not transmitted into the substrate
material and were confined in the filler material (Fig. 14(a) and (b)).
Such observations were typical for low strength and medium strength
specimens. Voids/cracks were found to develop at the substrate/filler
material interface, most likely due to slip accumulation, leading to the
fracture and debonding of the intermetallic borides present at the in-
terface between the joint and the base metal (Fig. 14(b)). For high
strength specimens, the limited density of pores leads to another de-
formation processes: slip bands nearly parallel to the substrate/filler
material interface were found and related to the fracture and debonding
of intermetallic borides (Fig. 14(c)).

Fig. 12. Thickness maps obtained by LSCM volume reconstruction and XCT. (For interpretation of the references to color in this figure, the reader is referred to the
web version of this article.)

Fig. 13. Surface and volume porosity fractions (Table 3) measured by SEM
(squares), LSCM (disks) and XCT (crosses) vs ultimate tensile strength (Table 2).
Dotted lines refer to 2D measurements on fracture surfaces, and solid lines refer
to 3D porosities.



4. Discussion

The SEM, LSCM and XCT techniques provide complementary in-
formation on the internal porosity and the fracture mechanisms for the
three brazed specimens with different mechanical strengths. Both the
capability to quantitatively document the presence of pores before and
after fracture, and the fracture scenario, i.e. interfacial and “pillars/
walls” fracture mechanisms, will be discussed in the following para-
graphs.

4.1. Characterization capabilities

SEM BSE images could put into evidence necking at the interface
between the porosity and the brazing material in the form of pillars/
walls. Provided careful image acquisition, the apparent surface fraction
of pores could be analyzed with good repeatability on opposite faces.
Plateaus of interfacial fracture with micro-sized dimples were also
clearly visible, outlining the ductile fracture at the brazed joint/base
material interface.

Post-mortem LSCM was able to measure the height of the plateaus.
They correspond to the thickness of the joint, i.e. approximately 60 μm.
As with the SEM images, the measured surface porosity fractions for
opposite surfaces were close (Table 3). However, both 2D SEM and
LSCM methods overestimated the actual pre-mortem porosity fraction
measured by XCT for the low and medium strength specimens. This was
caused by the necking of the walls between the pores, which is difficult
to discriminate in LSCM, and even more in the SEM images.

Furthermore, the fracture surfaces could be assembled thanks to a
specially designed process, producing a 3D reconstructed thickness
map. This 3D reconstruction comes with some approximations since
material interpenetration cannot be avoided as soon as local plasticity
occurs in the fracture process. Nevertheless, the 3D images compare
well with the pre-mortem XCT images, as do the measured porosity le-
vels. Indeed the local material interpenetration corrects the plastic
tearing effect responsible for the formation of pillars/walls and reduces
the apparent width of the pores after fracture.

More importantly, the thickness maps in Fig. 12 puts into evidence
the presence of voids at the center of the plateaus that are not present
before fracture, showing that interfacial rupture develops more and
earlier in the center region of the brazed interface. This point is further
addressed in the fracture scenario proposed below.

It should be noted that the various segmentation processes and
characterization methods put into practice in this work were designed
with ad hoc, optimized parameters. Their application to other materials

would of course require preliminary calibrations. Provided these pre-
cautions are taken, the LSCM technique and its associated 3D re-
constructed method can be applied to fractured parts undergoing strain
localization. In particular, it can find applications in cases where por-
osity is fine and scattered in large, X-ray absorbing specimens and in
which conventional SEM can only provide qualitative characterization.

4.2. Fracture scenario

On the overall, the three techniques help establishing the most
probable scenario for the global ad local fracture event. While the
macroscopic curves are typically brittle (Fig. 3), the local mechanisms
are not, i.e. ductile features on the fracture surfaces (Fig. 7) and intense
slip bands on the specimen gage (Fig. 14). In order to illustrate the
deformation and fracture scenario occurring in brazed joints, schematic
illustrations at different deformation stages are presented in Fig. 15. As
pores concentrate the macroscopic strain and early plasticity is ex-
pected in their proximity, the intense slip activity is activated. How-
ever, slip activity is present only in the filler material and not trans-
mitted in the substrate (Fig. 15(b)). Therefore, the surfaces of pores
freely accommodate the plastic deformation while the substrate/filler
material interfaces are subjected to plastic accumulation. Pores gradu-
ally deform as the macroscopic strain increases while the stress in-
creases in the regions supporting the load. The islets of material be-
tween the pores lead to two different cases of damage depending on the
interconnexion between the pores (Fig. 15(c)). In the case of distant
pores (high strength specimen), slip bands interact with the substrate/
filler material interface and voids develop subsequently at this interface
due to local plasticity accumulation, resulting in interfacial debonding
when increasing the macroscopic deformation (Fig. 15(d)). In regions
where pores are close to each other (medium and low strength speci-
mens), slip activity in the filler material between pores leads to severe
deformation and to a complete necking due to deformation accom-
modation. This is enhanced by the free-surface of pores that increase
the local triaxiality. Necking generates elongated walls and pillars on
the fracture surface (Fig. 15(e). This sequence of events is similar to the
classical nucleation-growth-coalescence mechanisms undergoing in
other materials [22,39]. The cracks nucleate at a brazed interface due
to the presence of the precipitates (Figs. 1 and 14), but they coalesce
thanks to the contribution of pre-existing pores.

Based on these considerations, the most probable hypothesis for the
relationship between the strength of specimens and their porosity is
that the nucleating and propagating of interfacial cracks represent the
energy required to fracture specimen. Thus, the porosity fraction and

Fig. 14. SEM-BSE micrographs of pre-mortem specimen gage zone showing different deformation and damage processes. (a) Medium strength specimen: low
magnification of the showing intense slip activity in the vicinity of pores and non-slip transfer into the substrate, (b) magnified region of the white dashed box
depicted in panel (a) showing slip bands parallel to each other and inclined at 45° (vertical lines are traces of polishing lines), (c) high strength: specimen interfacial
deformation and related debonding damage at an interface boride.



their spatial distribution control the localization of the deformation
energy on the joint's ligaments and the stress level required to fracture
the joint.

More specifically, the stress state in the material separating the
pores depends on the distance between the pores and their inter-
connectivity. In the case of low porosity fraction (high strength spe-
cimen), these regions are wide and undergo moderate stress triaxiality,
which results in high critical strains for interface crack nucleation. By
contrast, joints with higher porosity fraction and connectivity induce
higher stress triaxiality between the pores, resulting in lower local
critical strains for interface crack nucleation, and consequently lower
macroscopic strains for fracturing the sample. To this regard, the main
difference between the medium and low stress specimen resides in the
porosity spatial distribution and their interconnection (the volume
fractions measured by XCT and LSCM reconstruction being very close in
both samples). In the low strength specimen, the cracks must nucleate
first in the narrow plateaus on the left (Fig. 12), and then extend to the
right resulting in a fast failure as these represent less than half of the
section of the joint. In the medium strength specimen, an intermediate
strain level is required as a combination of large and narrow plateaus is
found.

Further work should concentrate on the strain concentration due to
the pores in quasi-static and cyclic conditions. Digital image correlation
would prove a valuable method for measuring the local strain at the
surface and relate it to the actual 3D porosity geometry assessed either
by XCT or LSCM.

5. Conclusions

In order to understand the discrepancy in term of mechanical
strength of 17-4 PH stainless steel brazed specimens, three character-
ization techniques with custom designed data processing algorithms
were put into practice. They aimed at documenting the levels of por-
osity: post-mortem SEM imaging, post-mortem LSCM topographic ima-
ging with volume reconstruction, and pre-mortem XCT-scanning. The
distinctive features caused by the fracture mechanisms, i.e. the presence
of plateaus with micro-sized dimples and interconnected pores with
walls and pillars, were quantified in terms of surface fraction and vo-
lume.

The three methods proved to be complementary. SEM imaging is an
efficient and fast way to quantify pores and analyze a fracture surface
and mechanisms. An adapted image analysis pipeline was developed
and put into practice to quantify the features related to fracture me-
chanisms. LSCM height acquisition is slower than SEM, but it yields
height data that could not be measured otherwise. Moreover, opposite
fracture surfaces can be virtually stitched, which gives the possibility to
evaluate the porosity volume and spatial distribution, yet with some
uncertainty due to severe deformation as compared to pre-mortem XCT
characterization.

In the present case study, these techniques helped establishing the
most probable scenario for failure of brazed specimens exhibiting fra-
gile macroscopic behavior, yet typically ductile microscopic fracture
features. In particular, the 3D LSCM images, or thickness maps, re-
vealed that the plateaus were slightly plastically deformed at their
border, as well as the specimens near their surface. It was conjectured
that the cracks develop at the center of the specimens, and more pre-
cisely at the center of the plateaus. The amount of pre-existing pores

Fig. 15. Schematic sequence of events leading to fracture. (a): Initial state with
pores, (b): slip activity in the vicinity of pores and at the brazing interface; (c)
nucleation of voids at the interface due to strain accumulation and necking
between close pores; (d) growth of a crack at the joint/substrate interface
leading to voids coalescence (interfacial debonding/plateaus formation); (e):
sudden fracture, local necking between the pores after interfacial decohesion
has completed.



and their spatial distribution account for the ranking between the high,
medium and low strength specimens. The interconnection of the pores,
which can be readily put into evidence by XCT or LSCM volume re-
construction, is a good indicator for the magnitude of stress triaxiality
required to nucleate cracks at the interface between the joint and the
base material.
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