J Mater Sci (2018) 53:8211-8220

Composites

@ CrossMark

Strength of ceramic—metal joints measured in planar
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ABSTRACT

SPS-processed alumina and reaction-bonded boron carbide ceramic composite
(RBBC) were joined with Al10SiMg alloy by spark plasma sintering and tested
in a series of planar impact experiments designed to measure dynamic tensile
(spall) strength of the joints. The results of the impact testing, together with
postmortem inspection of the fractured samples, confirmed the applicability of
this approach for testing joint strength. The measurements show that in the case
of an RBBC/metal joint, the dynamic tensile strength of the joint exceeds that of
the ceramic part, and that fracture of the shock-loaded ceramic-metal pair
occurred in the ceramic portion. The dynamic tensile strength of the interface
between alumina and Al10SiMg alloy virtually coincides with that of the metal
part, with the fracture occurring exactly at the interface. The coincidence may be
explained based on the recently published results of atomistic calculations of the
structure of an alumina—aluminum interface.
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strengths of the interfaces produced remain to be
overcome. The morphology and composition of joint

Introduction

The formation of ceramic—metal joints is a key tech-
nology for the use of advanced ceramics in complex
structures. The quality of such joints, specifically of
the ceramic—metal interface, is responsible for joint
reliability. Several methods of joining, such as braz-
ing, thermal spraying, diffusion bonding, and co-
sintering, have been developed over the years [1, 2].
Spark plasma sintering (SPS) has been successfully
applied for diffusion joining of similar and dissimilar
materials [3-9]. In addition to the technological
challenges associated with joining, major challenges
in characterizing the morphology, composition and
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regions can be investigated using optical and scan-
ning (SEM) or transmission (TEM) electron micro-
scopy, respectively. At the same time, testing joint
strength cannot rely on routine quasi-static methods,
which imply that the same stress acts in all cross
sections of the tested sample. In such a situation, the
sample would fail at its weakest cross section, inde-
pendently of where this cross section is located.
Moreover, in the case of joining two plates of two
different materials, such quasi-static testing (for
example, in tension) is hardly possible, due to the
difficulties in sample preparation.
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We presently suggest that a joint region could be
tested by an approach based on the interaction of
weak shock waves generated in a tested sample by a
planar impact of controlled strength. Such a test
could be designed in a manner that would allow
application of tensile stress of an a priori estimated
amplitude to the joint interface between two materi-
als and not to the materials themselves. A similar
technique was used for measuring the adhesive
strength of thin turbine blade coating [10]. The
method being proposed here is aimed at measuring
the strength of the joint between the metallic and
ceramic parts of the joined pair without exact
knowledge of the location of the joint region. As such,
the present paper pursues two objectives, namely to
demonstrate the possibility of generating a metal-
ceramic joint using Spark Plasma Sintering (SPS) and
to demonstrate the simplicity and robustness of the
suggested approach for dynamic testing of joint
strength.

Experimental
Materials

SPS-processed alumina and reaction-bonded boron
carbide infiltrated by silicon (RBBC) were joined with
Al10SiMg pre-alloyed powder by SPS. The chemical
composition of AlSil0Mg powder, determined by
energy-dispersive spectroscopy (EDS), was 89.8 and
10.2 wt.% for aluminum and silicon, respectively.
Magnesium content, measured by the Inductively
Coupled Plasma (ICP) spectroscopy method, was
about 0.4 wt.%.

Alumina powder (Ceralox, high purity SPA-0.5)
was inserted into a graphite die/punch set-up (inner
diameter 20 mm, outer diameter 40 mm). The die
was covered with 20-mm-thick graphite wool to
improve thermal insulation. The die was placed in an
SPS apparatus (HP D5/1, FCT System. Rauenstein,
Germany) equipped with a 50 kN uniaxial press. The
sintering procedure was conducted under 1.3 mbar
vacuum at 1300 °C. Sixty MPa uniaxial pressure was
applied. The heating rate was 25 °C/min, and the
holding time at the highest temperatures was 30 min.
Microstructural features and mechanical properties
of the SPS-processed alumina have been discussed
elsewhere [11].
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Ceramic preforms (20 mm diameter, 4 mm height)
of boron carbide were fabricated from multimodal
boron carbide powders [12], which allowed 20 vol.%
porosity after uniaxial compaction (180 MPa). Pre-
forms were infiltrated with molten silicon at 1480 °C
under a vacuum of ~ 10™* Torr for 20 min.

Joining procedure

Ceramic parts (~ 20 mm diameter) were ground to a
thickness of about 3 mm and to a plane parallelism of
opposite surfaces of about 0.5 mrad. The surfaces of
the ground samples underwent conventional metal-
lographic finishing with 1 ym diamond paste and
were then ultrasonically cleaned in hot (60 °C) ace-
tone and dried in air. The ceramic parts, together
with about 1.2 g of metal powder, were placed in a
graphite die with 20 mm inner and 50 mm outer
diameters. The amount of metal powder was chosen
to provide a metal part 1.3-1.5 mm-thick in a joint.
The bonding process was carried out at 525 °C for
15 min under vacuum (10~ Torr), uniaxial pressure
(35 MPa), and a pulsed (5 ms pulse, 2 ms pause)
electrical current. In addition, samples from
Al10SiMg powder were fabricated using the same
SPS parameters.

Microstructure characterization

Microstructural analysis of the ceramics, joint
regions, metallic samples and metal parts of ceramic/
metal sandwiches recovered after spall experiments
was conducted by scanning electron microscopy
(SEM, JEOL-35, equipped with a Noran energy-dis-
persive spectrometer). Metallographic examination
was performed after a standard procedure that
included cutting the sample along the cross section of
interest, grinding and polishing with 1 pm diamond
paste. Mechanical characterization of both the cera-
mic and metal parts is described in “Determination of
the spall strengths of the constituents” section.

Dynamic testing

The joined samples were tested in a series of VISAR-
instrumented (Velocity Interferometer System for
Any Reflector, [13]) planar impact tests.

Measuring the dynamic tensile (spall) strength of
condensed media in planar impact experiments was
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based on an analysis of collision of two release waves
appearing in the tested material as result of reflection
of impact-generated compressive waves from the free
surfaces of an impactor and a sample [14]. A sim-
plified (symmetric impact, single wave propagation
velocity) scheme of such a collision is shown in
Lagrangian coordinates in Fig. la. At the time
instance t = 0, two compressive waves start to travel,
one to the right, toward the sample free surface, and
the other to the impactor rear surface (for simplicity,
it is assumed that both are made of the same mate-
rial). After reflection from the rear surfaces (of both
the sample and impactor), the waves travel in
opposite directions, now as release (unloading)
waves. Collision of these waves (at a time ty,) results
in generating a tensile pulse with amplitude o at
the point hy,, as shown in Fig. 1b. If the tensile
strength of the sample oy, is smaller than o, the
sample is spall-fractured, with the creation of two
new surfaces parallel to the surfaces of the sample
and impactor.

As a result, a part of the impact-generated
momentum is arrested within the right part of the
sample termed the spall plate and reverberated
within the plate, causing its periodic compression
and tension (states 1-2-3-4 in Fig. 1a, b), expressed in
oscillations of the velocity of the free surface of the
sample (now, the spall plate). The difference between
the first maximum up, and the following minimum
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Figure 1 Time t-distance h—free surface velocity u (a), and
stress—particle velocity u (b) diagrams of a spall test. The pink and
blue areas correspond to the impactor and sample, respectively. In
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Altgy = Umax — Umin, is related to the spall strength of
the sample by o, = poc*Aug, /2, where p, is the initial
sample density, c* is some velocity between the lon-
gitudinal ¢ and bulk ¢, speeds of sound [14]. The
period of reverberations Atg, (Fig. 1b) of the velocity
of the free surface of the spall plate is related to its
thickness by Ahg, = At / 2. In the case of a routine
spall experiment, Ahg, ~ J, where 6 is the thickness of
the impactor plate.

A similar scheme with some modifications can be
applied to evaluate the strength of a joint between
two different materials. A scheme of such testing is
shown in Fig. 2.

If the tensile pulse amplitude oens is lower than the
spall strength o, of the right (with respect to joint)
material layer, fracture does not occur at the front
part of the pulse. The pulse starts to propagate to the
left from the site of a might-have-been spall, finally
arriving at the site of the joint between the two
materials. If the joint strength oj is lower than o,
the joint will be disrupted, two new surfaces will be
created at the join site, and the compressive/tensile
pulse whose amplitude is determined by the resid-
uary momentum, after fracture of the joint, will
reverberate in the right material plate with the period
At =26, /ci_;, where 6, and c,_, are, respectively, the
thickness of the spall plate and the longitudinal
sound speed in the right material. The alternative
scenario, oj > Ops, Will lead to penetration of the
tensile pulse into the left plate and will result in

M) |°

b, solid lines correspond to loading, dashed lines to unloading, and
dotted lines to development of the tensile stress, all with
corresponding colors.
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Figure 2 Scheme for testing the joint between two layers of
different materials. Dashed lines show the paths of the waves.
Different dashing with different arrow heads correspond to signal
reverberations after spall (narrow triangles) within the right layer,
at the joint, and within the left layer, respectively.

either its spalling (ogp-1<0wns) Or non-spalling
(Osp—1 > Otens). In the former case, the residual
momentum will reverberate between the spall site in
the left material layer and the free surface of the right
material layer, with a period greater than
At =26, /c;_;. Combining the spall strength data with
the period of the spall signal reverberation allows one
to conclude at which tensile stress and at which point
the two-layer structure was fractured.

Figure 3 SEM images of
Al,05/Al10SiMg (a) and
RBBC/Al110SiMg

(b) interfaces. The insets show
the joint interfaces with higher
magnification.
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Results and discussion
Ceramic-metal joint interfaces

Typical SEM images of SPS-processed joints between
Al10SiMg and ceramics (Al,O3 and RBBC) are pre-
sented in Fig. 3. The interfaces were found to be clean
and without either voids or discontinuous segments.

Determination of the spall strengths
of the constituents

Using the routine spall-oriented loading scheme de-
scribed in “Dynamic testing” section, the spall
strengths o, of all the constituents destined for SPS
joining, namely sintered Al105iMg, SPS alumina and
RBBC parts, were determined. Prior to spall testing,
20 mm diameter 2 to 4.7 mm-thick plane-parallel
samples (ground to 0.5 mrad parallelism) of all three
materials were prepared and their longitudinal ¢; and
shear ¢, speeds of sound were measured using the
pulse-echo technique. The densities p, of the samples
were determined using the Archimedes method. The
results of such examinations, including the values of
the bulk speed of sound ¢, = (cf — 4c?/ 3)0'5, longi-
tudinal E' = pyc?, shear G = p,c2, bulk B = pyc?,
Young E = 2(1 + v)G moduli, and Poisson’s ratio v,
are listed in Table 1.

The uncertainties of determination of py, ¢; and ¢
are mainly standard deviations after ten measure-
ments on one sample. The uncertainties of the rest
material parameters, calculated based on these three,
are obtained by standard procedure. The uncertainty
of the spall strength is caused mainly by uncertainty

AlL0SIMg ||
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Table 1 Properties of the studied materials

Material ppg/cc ckm/s ¢ km/s cykm/s E GPa GGPa BGPa EGPa v oy GPa
Sintered A110SiMg  2.67* 6.78 (2) 3.32(1) 5.60() 123(1) 295() 8354 7904 0.342(3) 0.99(2)
RBBC 2.44 1253 (3) 7.63(2) 891 (4) 383(2) 142(1) 194(2) 342(2) 0206 (5 0.42(2)
Alumina 3.94 1086 (3) 640(2) 796(4) 465(3) 161(2) 250(3) 398(3) 0234(5 1.50(3)

Relative uncertainty of the density determination is negligibly small with respect to the uncertainties of other measured properties in

parentheses (last digit)

of the pullback measurements and discussed in the
“Determination of the spall strengths of the con-
stituents” section.

All of the impact tests conducted in the present
study were performed with a 6-m-long, 25 mm
smooth bore gas gun equipped with an optic fiber
system for accurate determination of impact velocity.
The sample holder adjacent to the gun muzzle pro-
vides an impactor-sample misalignment of about 0.5
mrad. This is especially important for tests performed
with relatively low impact velocities, as conducted
here. In all impact tests, either velocity of the rear
sample surface or that of the sample-window inter-
face (for tests with ceramics) was continuously
monitored by VISAR with an interferometric constant
96.4 m/s per fringe.
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Although the strengths of the joints between
ceramics and metals were unknown, it was plausible
to assume that they were not too high. Accordingly,
all tests were performed with relatively low impact
velocity. At the same time, taking into account the
relatively high spall strength of the SPS-processed
alumina [11] and of the metallic constituent [15],
spall-oriented experiments with these materials were
performed at higher (175-190 m/s) impact velocities.

For measuring the spall strength of an Al10SiMg
sample of approximately 2 mm thickness, the sample
was shock-loaded with a 0.5 mm copper impactor
accelerated to a velocity of about 190 m/s. The his-
tory of velocity of the rear surface of this sample is
shown in Fig. 4a. In tests with ceramic constituents,
the rear surfaces of RBBC and alumina samples were
backed by a 5.1 mm-thick polymethylmetacrylate

200

@
S
S
2>
£ 150
S
(0]
>
(0]
(8]
© ]
5 100 - Ui Alumina, 4.27 mm. |
_‘E \ 0.5mm Cu, 175 m/s |
2
(o]
©
§ RBBC, 3.03 mm.
& 50F 0.5 mm Cu, 89 m/s
-
£
®
(7]

O A i i L L L i 1 i i L 1 L L " 1 " i i 1 i L " ]

0.2 0.4 0.6 0.8 1 1.2 14
time, us

Figure 4 Free surface velocity histories of the metallic (a) and ceramic (b) constituents of metal—ceramic joints. The tests parameters are
shown next to the waveforms. Arrows marks the parameters used for calculating opgr, Y and oyp.
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(PMMA) window whose shock properties were taken
from [16]. In these tests, the velocity monitored by
VISAR was that of the sample-window interface. The
corresponding velocity histories are shown in Fig. 4b.

The stress at the Hugoniot elastic limit (HEL) of
Al10SiMg, calculated as oupgr, = pociumer/2 [17], is
equal to oL = 0.13 £0.01 GPa. The yield strength
Y = 2Goyg/E' [17], corresponding to uniaxial stress
loading, is equal to 63 £ 5 MPa. The spall strength of
the AI10SiMg alloy was determined using the
expression:

(1)

1
Osp = Epocb (Aupb + 51’[))

where ¢, is the bulk speed of sound, and ou =
he(1/cpy — 1/c)|uir|ua/(|ti1| + 1) is a correction for
distortion of the waveform as a result of the different
propagation velocities of the spall signal front and of
the rarefaction wave ahead of it in the elastic—plastic
medium [18]. The value of o, estimated using
Eq. (1), is given in the rightmost column of Table 1. It
should be, however, noted that for this test, the cor-
rection o6u was found to be smaller than 0.03Auy,
suggesting that instead of Eq. (1), a simplified
expression:

(1a)

may be used for estimating oy, of the metallic
constituent.

Since the spall strength of the ceramic constituents
was determined in the impact experiments with
window backing of the sample, the value of their
spall strength can be estimated either using #m.x1 and
Umin(as in Fig. 4b) in:

1
2

1
Osp = E pOCbAupb>

(Z]];MMAumaxl + ZEMMAumi“)]

(2a)

Osp = [Zcer(umaxl - umin) -

Or USINg Umin and Umayxo in:

1
R U

E [Zcer(umaXZ - umin) + ZPMMAumaXZ - ZPMMAumin]a

(2b)

Op =

where Zcer = pocerCicer 15 the acoustic impedance of the
ceramic, and Zhpa,Zovma and ZRya are the PMMA
impedances corresponding, respectively, to the
loading from the initial state to that state of i,
unloading from i,y tO Umin, and reloading from iy
t0 Umax2 [11]. The two equations, 2a and 2b, should be,
respectively, used for weak and moderate impact

@ Springer

J Mater Sci (2018) 53:8211-8220

testing, give the similar figures for o, of the ceramics
studied. The corresponding positions in the right-
most column of Table 1 list the averages of the two.

Determination of the joint strength
between aluminum alloys and RBBC
composites

The strength of the joint was studied on a sandwich-
like sample of approximately 20 mm diameter con-
taining a plane-parallel RBBC ceramic part
of ~ 3 mm thickness and a plane-parallel A110SiMg
part of ~ 1.5-mm thickness, joined by the SPS tech-
nique. The sandwich was impact-loaded from its
ceramic side by a 1.04 mm aluminum impactor with
a velocity 89.3 £ 0.6 m/s, while the velocity of the
rear surface of the metal part of the sandwich was
continuously monitored by VISAR with an interfer-
ometer constant of 96.4 m/s per fringe. The outcome
of this test is shown in Fig. 5.

In the velocity history shown in Fig. 5, clear evi-
dence of the spall-like failure of the shocked sample
is presented. The first velocity peak, corresponding to
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[ 1-mm Al 1
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4;
o
T

w
o
1T

sample free surface velocity u, m/s
N
o

3.03mmRBBC 1

-
o
T

[ 1.51 mm AI10SiMg ]

0- M EPEPEPE EPEEE BPEPEE EPEPEPE EPEPEPE EPEPETE BPETEPE BT

0.2 0.6 1 1.4 1.8 2.2
time, us

Figure 5 The velocity history recorded at the rear free surface of
the metal part of a sandwich-like sample containing RBBC
ceramic and Al10SiMg metal parts after a 90 m/s impact by a 1-
mm aluminum impactor. The thicknesses of the parts are given
next to the velocity history. The open arrow and the adjacent
number mark the period of the signal reverberation At in the
part of the sandwich separated due to the impact.
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the loading-unloading cycle of the metal part, is
followed by a train of weaker peaks, corresponding
to the reverberation of the residual (after spall)
momentum in the spall plate. The amplitude of the
compressive pulses (estimated based on mass-
momentum conservation across the shock front [19])
in this test was about 0.49 + 0.01 GPa. Accordingly,
the amplitude of the tensile pulse should be close to
this number, which is lower than the oy, of the
Al10SiMg part and greater than the o, of the RBBC
ceramic (Table 1). In principle, a tensile pulse with
such amplitude cannot produce spall fracture in the
Al10SiMg part of the ceramic-metal sandwich. The
fracture instead has to occur either at the joint or
within the RBBC ceramic composite layer. If the
fracture takes place at the sandwich joint, the period
of the reverberation At., marked in Fig. 5, namely
0.60 s, should be equal to that of the elastic wave
Aty =26M" /cMet in the metal layer, namely 0.56 ps.
This means that for the test portrayed in Fig. 5, the
fracture occurs rather within the body of the ceramic
layer than at the ceramic-metal interface
(Atrey > Aty). This also means that the dynamic ten-
sile strength of the joint is higher than that of the
ceramic part of the sandwich, ie., the tensile
strengths of the Al10SiMg joint with RBBC is greater
than 0.42 GPa. Assuming that both the compressive
and tensile deformations of both types of ceramic
parts are elastic (the impact is weak), we can estimate
the exact depth of the spall site with respect to the
ceramic—metal interface by d = (Atey/2 — Ate/2)cC.
For the joint comprising RBBC ceramic with
Al10Si2 Mg, this depth is equal to d ~ 0.2 mm. It
should be noted that in the case of the RBBC-metal
joint the failure will always occur in the body of a
weak ceramic layer. This allowed us to confine the
testing of the RBBC-metal joint to that shown in
Fig. 5. At the same time, the fractograpy examination
of the in-ceramic failure is virtually impossible; due
to the low strength of the RBBC layer the contact
surface of softly recovered metal part is completely
free of the remains of the joined ceramic.

Determination of the joint strength
between Al10SiMg alloy and alumina

The strength of the joint between SPS-processed
alumina and Al10SiMg alloy was studied in experi-
ments similar to those discussed above. Taking into
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account the relatively high tensile strength of alu-
mina, the velocity of the 1 mm aluminum impactors
in these experiments was higher than in the previous
case, ie., 155+4m/s instead of approximately
90m/s. As above, the tested samples were sandwich-
like bi-layers containing plane parallel 4 mm-thick
alumina disks of 20 mm diameter coupled with
Al10SiMg layers of 1.36 and 1.67 mm thickness.

The velocity histories recorded in planar impact
tests of alumina-metal joints are shown in Fig. 6.
Generally, the waveforms recorded in these tests are
similar to that of the RBBC-metal test although few
differences are apparent. First, the velocity history
obtained with the alumina-Al10SiMg pair was unu-
sual for impact studies of segments with negative free
surface velocity, which can be considered as an
indication of substantial strength of the joint. Specif-
ically, the forward-moving Al10SiMg part was
dragged back prior to failure. Secondly, in the case of
the alumina-Al10SiMg joint, the velocity pullback Au,
responsible for the strength of the sandwich-like
sample under tension, is much greater than in the

120 T T T T T
- At =0.41 s 1-mm Al
DT impactors,
100 - At,,=0.50 us ~155m/s ]
” I
e ANVAS
=2 | 4.03 mm ALO,
8 60} 1.36 mm AI10SiMg |
g |
8 L
40 - -
£l
3 3
/2]
8 20 4.02mm ALO, |
= [ | 1.67 mm AI10SiMg
0 \ .
I -7m/s —>
[ <— -12m/s
_20 1 1 1 1 1
0.4 0.8 1.2 1.6 2

time, us

Figure 6 Velocity histories recorded at the rear free surface of the
metal part of sandwich-like samples containing alumina (Al,O;),
ceramic and Al10SiMg parts after their loading by 1 mm
aluminum impactors at a velocity of about 155 m/s. The
thicknesses of the parts are given next to the corresponding
velocity histories. The arrows with adjacent numbers show the
periods of the signal reverberations in those parts of the
sandwiches separated due to the impact.
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case of the joint between the RBBC composite and
Al10SiMg.

The reverberation periods marked in Fig. 6 Aty
are equal to 0.41 and 0.50 ps for the tests with 1.36
and 1.67 mm-thick AI10SiMg layers, respectively.
Corresponding periods of reverberation of the elastic
waves Aty = 20M¢ /e in these Al10SiMg layers of
the thicknesses are 0.40 and 0.49 ps, respectively. The
closeness of the corresponding At,., and Aty values,
within the uncertainty of their experimental deter-
mination, suggests that the failure of alumina-
Al10SiMg sandwiches occurs either exactly at the
ceramic—metal interface or in its very close vicinity.
Postmortem fractography of a sample softly recov-
ered after such a test confirmed this suggestion. The
failure surface shown in Fig. 7a consists of a few open
voids and multiple dimples, characteristic of tensile
fracture of a ductile metal, while at the bottom parts
of the dimples (Fig. 7b), agglomerations of the sub-
micron alumina grains still in contact with metal part
of the fractured sample are seen. Unfortunately, the
brittleness of the ceramic part of the joint makes
virtually impossible the fractography examination of
the ceramic part of the joint separated due to the
impact-generated tensile stress. While the inherent
plasticity helps to recover the metal part of the joint
the state of the ceramic part becomes completely
comminuted by reverberating compressive and
release pulses. These multiple fractures are not rela-
ted to the tensile fracture of the joint making the
fractography of the ceramic part of little help.

31 25 SEI

1SV~ X1;000 18um

Figure 7 Fracture surface of a sample made of 4.02 mm-thick
alumina layer and a 1.67 mm-thick layer of Al10SiMg. The
bottoms of the dimples (a, x 1000) are covered by residual alumina
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Applying Eq. (1) to the velocity histories shown in
Fig. 6 yields values of the joints tensile strength equal to
O Al10SiMg—Al,03 = 0.94 +0.05GPa and O Al10SiMg—Al,03 =
0.97 £ 0.05 GPa for the tests with the 1.67 and 1.36 mm-
thick Al10SiMg layers, respectively. The measured
values of the strength of the two joints, 0.94 £ 0.05 and
0.97 £ 0.05 GPa, are found to be extremely close. Since
it is hardly possible to suggest any departure from the
employed joining technology capable of substantial
changing of the strength of the joint the closeness of the
two values allows one to conclude that in the case of
alumina-metal joining the results are reasonably
reproducible.

Quantitatively, the obtained numbers are only
slightly lower than the separately determined spall
strength of Al10SiMg, where gy anosivg = 0.99 =
0.02GPa (Table 1). As such, the tensile pulse gener-
ated within the metal layer does not appear on the
recorded waveforms of a spall-like signature (with
the exception of some decrease in sample free surface
deceleration) related to the incipient damage within
the layer. Due to the closeness of the tensile pulse
fracturing the joint to the spall strength of the corre-
sponding metal part, one can expect, at the least,
initiation of tensile failure at a distance from the part
free surface approximately equal to the impactor
thickness (1 mm). Such failure initiation should result
in the appearance of an acceleration signature at the
recorded waveform. The presence of such a signature
at the waveform recorded with the sandwich sample
containing 4.02 mm Al,O; and 1.67 mm Al10SiMg
layers is confirmed by metallographic examination of
the cross section of the Al10SiMg part of the sample,

15kV X2,208 18xm 31 30 BES

grains (b, x2200) still in contact with the metal, typical of viscous
tensile fracture of metals.
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softly recovered after this test (Fig. 8). The tensile
fracture starts at the to-be spall site located at a dis-
tance of about 1 mm (thickness of the impactor) from
the free surface of the Al10SiMg layer. The dynamic
tensile (spall) fracture is a sequence of void nucle-
ation, the growth and, ultimately, coalescence [18]
with creation of two new surfaces. Keeping this in
mind, Fig. 8 allows one to assume that the tensile
pulse duration at the to-be spall site is sufficient for
void nucleation and their growth up to several tens of
microns yet still insufficient for the void coalescence
that results in the creation of the spall plane.

The results of the measurements of the strength of
the joint between alumina and the aluminum alloy
lead to two questions: (1) why did the strength of the
joint virtually coincides with the spall strength of the
metal part? and (2) why did the fracture occur at the
joint, yet not at the to-be spall plane?

The answer to the both questions can be found
with the help of recent atomistic simulations of the
structure of the aluminum-alumina interface [20].
According to these simulations, the Al/AlLOj; inter-
face represents almost coherent regular triangle

domains of AIAV-AIAD-AIA2%) atoms in an ABC
sequence, characteristic of an FCC aluminum lattice
alternated with triangles of stacking faults (SF) with
the ABAB sequence of aluminum atoms characteristic
of HCP lattice. Since the inter-atomic forces at the
interface and in the bulk material are virtually equal
(the first and second coordination spheres of FCC
and HCP coincide; a difference only appears in the
third sphere), the tensile stress required for breaking

Figure 8 Metallographic cross section of the metallic part of the
Al,03;—Al10SiMg sandwich initially containing 4.02 mm Al,O3
and 1.67 mm metallic layers. The tensile-generated void visible at
to-be spall plane (~ 1 mm from the free, right, surface of
Al110SiMg layer) did not grow enough to create two new surfaces.
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the inter-atomic bonds either at the joint interface or
in the bulk material are virtually equal. At the same
time, the nucleation of voids giving rise to the spall
process and the subsequent void growth, are strongly
favored by the presence of stacking faults [21] which
are virtually absent in the bulk aluminum due to the
high (~ 0.2 J/m?2) stacking fault energy of aluminum
[22]. One can thus assume that spallation, although
triggered by the same tensile stress as in the bulk
material, proceeds much faster at the ceramic metal
interface and leads to joint fracture.

Conclusions

Joints between dissimilar materials, namely between
alumina and reaction-bonded boron carbides and
Al10SiMg alloy, were produced using spark plasma
sintering (SPS) and then tested in a series of planar
impact experiments designed to measure the
dynamic tensile (spall) strength of the joint. The sec-
ond part of the work served to verify a general
technique for testing the strength of the bond
between two materials when stuck together. Such
measurements showed that the dynamic tensile
strength of the joint region between a reaction-bon-
ded boron carbide composite and Al10SiMg alloy
exceeds that of the composite, with the fracture of the
shock-loaded ceramic-metal sandwich evidently
taking place in the composite part (about 0.2 mm
away from the interface).

This was not the case for the joint of alumina with
the AI10SiMg alloy. The dynamic tensile strength of
this interface virtually coincided with that of the
metal parts, while the tensile fracture occurred
exactly at the interface and not within the bulk of the
metal, despite of the fact that the tensile pulse of the
amplitude was sufficient for fracture within the metal
part (about 0.5 mm away from the interface). The
recently published results of atomistic calculations of
the structure of the alumina—aluminum interface
explain this surprising fact.
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