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Introduction

     The new uses of ceramic/metal assemblies in severe con-
ditions require joining compatible with high temperatures
and aggressive environments, together with good mechani-
cal properties. The main processes providing high-quality
ceramic-to-metal assemblies implement diffusion joining.
     Now, the first difficulty comes from the fact that diffusion
joining between the metal M and the ceramic such as the oxide
M’xOy is only possible if some mixed compound can be formed
(e.g., MpM’qOz), which signifies that the ceramic must react
with the metal; however, such reactions are thermodynamical-
ly impossible for ceramic/metal couples having potential appli-
cations. Indeed, to summarize quickly, for giving rise to a reac-
tion, M must be less electronegative than M’, which is general-
ly true only for alkaline or alkaline earth metals, without any
application as structural materials (Ref. 1). The most widely

spread method for the diffusion joining route, is moly-man-
ganese brazing (Ref. 2). These processes have been known for
a long time (Ref. 1), but they imply complex and multiple steps
that require much know-how. In these processes, the added in-
terlayers play a double role: 

1) They react with both metal and ceramics, giving the
diffusion joining, and 

2) They play the role of a buffer zone that accommodates
the stresses due to the difference in thermal expansion coef-
ficients (TECs). Indeed, the TECs of metals are generally sig-
nificantly higher than those of ceramics, and intense shear
stresses appear during thermal cycling, which weakens the
junctions.
     Unfortunately, these interlayers have relatively low melt-
ing points, or produce eutectics with rather low melting
points: This prevents any use of such assemblies at high
temperatures.
     The choice of materials to be joined is also limited for
high-temperature applications; in particular, the metals
must have high melting points. In this respect, molybdenum
(TF = 2610°C) is a good candidate with excellent structural
properties for applications requiring high strength and
rigidity up to 1650°C. Unfortunately, molybdenum oxidizes
in air from about 300° to 400°C, which imposes working in
protective atmospheres, except when the duration of use is
relatively short, i.e., in some military applications. Instead
of pure molybdenum, the titanium-zirconium-molybdenum
(TZM) alloy (Mo99/Ti0.5/Zr0.1 at.-%) is often preferred be-
cause it has a higher recrystallization temperature (about
1400°C) and better tensile strength, for a high melting point
of 2620°C. Moreover, its TEC is close to that of many ceram-
ics (7–9 × 10–6 K–1).
     For these reasons, (TZM) was chosen for testing a
process of junction that has already been successfully tested
for the junctions steel C35/alumina (Ref. 3). This process in-
volved preoxidation of the alloy before the joining treat-
ment. In the continuity of these works, the selected ceramic
was again alumina, which is not very expensive and keeps
good mechanical properties up to about 1600°C. 
     It may be noticed that assemblies of Mo/Al2O3 have already
been tested for a long time (Ref. 4) by using hard brazing
processes, but these processes presented several major disad-
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vantages. When the filler alloys contained titanium as a reac-
tive element, the assemblies had rather low mechanical charac-
teristics (Ref. 5) except when the ceramic was in a ceramic-
reinforced metal matrix composite (Ref. 6); with moly-man-
ganese processes, the results were better, but the temperature
of use remained relatively low (no more than 700°C) and, fur-
thermore, this process cannot be used with alumina of high
purity (> 99%) (Ref. 7). The alternative method for joining alu-
mina to TZM described here comprises only two steps: the al-
loy preoxidation and the hot-pressing (HP) treatment. This
method was recently presented (Ref. 8), and the main purpose
of the present work is to complete and explain the joining
mechanisms of this new process.

Experimental Procedures

     The process used needs neither interlayer nor metalliza-
tion, but the simple surface oxidation of TZM in air, fol-
lowed by HP. The preoxidation step aims to form the inter-
layer necessary for obtaining diffusion joining. From the
thermodynamic point of view, it was verified that not any
reaction was possible between the alloy elements of TZM

and alumina, whatever the temperature. 
     For instance, Equation 1 corresponds to the reaction of
molybdenum with alumina that gives MoO3:

     Al2O3 + Mo = 2 Al + MoO3 (1)

corresponds to a Gibbs function (calculated on the basis of
Barin Thermodynamical data [Ref. 9]) DG with positive values
for all temperatures, e.g., DG = 768 kJ mol–1 at 1700 K. This
confirms the well-known fact that a direct reaction between
molybdenum and alumina is not thermodynamically possible
(Ref. 10).
     The samples used were discs (10 mm in diameter, 3 mm
thick) cut with a circular saw in TZM and alumina rods
(Goodfellow Inc.). Table 1 provides the TZM composition
given by the supplier. 
     The alumina purity was higher than 99 wt-% with traces
of sodium, silicon, magnesium, and calcium, due to sintering
additives. After cutting, the disks were polished up to Ra =
0.06 m using SiC paper (4000 mesh).
     For the oxidation treatment in air, the TZM disks were
simply placed onto the alumina disks inside a furnace for a
thermal cycle with the dwell time of 30 min at 795°C,
reached with the rate of 30°C min–1, and followed by the
slow temperature decrease (30°C min–1), for relaxing, at least
partially, the possible interfacial shear stresses.
     After this first treatment, the samples were put in a
graphite die, the edges of which were protected by Papyex®
sheets (flexible graphite provided by MERSEN, France). The
samples were then hot pressed under 22 MPa at 1700°C in
argon flow (1.9 L min–1) using a furnace (LPA Goliath,
France) with a graphite resistor and a uniaxial single-acting

Fig. 1 — BSE micrograph of the TZM/alumina assembly, in cross
section, after the following: A — A 30-min treatment at 795°C in
air; B — EDS analysis following the line of the micrograph.

A B

Table 1 — TZM Alloy Composition

  Element                  Mo                           Ti                          Zr                        C                                W                               Fe                               Other
    at.-%                    99.3                        0.5                        0.07                     0.05                            0.02                           0.005                              Bal.
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press. The thermal cycle comprised a temperature rise of
15°C min–1 followed by a 3-h dwell; then, the pressure was
released, and the furnace alimentation was stopped. Under
these conditions, the samples cooled down to ambient in
about 110 min.
     The assemblies were then observed with a JEOL IT 300
scanning electron microscope (SEM) and analyzed simultane-
ously with an energy-dispersive spectrometer (EDS, Oxford
Instruments-INCA).
     The x-ray diffraction patterns were obtained with a Bruk-
er D8 Advance diffractometer, coupled with a copper anti-
cathode and a backward monochromator. The scanned an-
gles (2) were in the range of 10–70 deg with a step of 0.029
deg, and the exposure time was 0.45 s per step. The identifi-
cations of phases were carried out with the International
Centre for Diffraction Data database.
     The tensile strength of the assemblies after hot pressing
was determined by following the ASTM C633-13 standard test
(Ref. 11) and using an Adamel-Lhomargy DY-26 traction appa-
ratus. The assemblies were glued to two cylindrical C38 steel
dollies with HTK Ultra Bond 100® (HTK, Hambourg, Ger-
many) glue, and the pulling rate was 0.8 mm/min (Ref. 3). Sev-
eral other tests are commonly used to evaluate the tensile
strength of ceramic-metal bonding, in particular the ASTM-
F19 method (or AWS C3.2, Standard Method for Evaluating the
Strength of Brazed Joints). Although this testing method is
widely used for measuring the tensile strength of metal-to-
ceramic brazed joints, it has not been considered in this work.
Due to the applied load (22 MPa) during the hot-pressing step,
the geometry of the standard ASTM-F 19 tensile button sam-
ples was not suited for this bonding process.

Results

     First, directly joining the alumina discs to the TZM by us-
ing hot pressing was attempted, at different temperatures
(1500°–1700°C), without preoxidation. The assemblies ob-

tained were extremely weak and could be easily hand bro-
ken. This result was expected, on the basis of the above
thermodynamic considerations. 
     Hence the following experiments consisted of heating
TZM placed onto the alumina discs under the conditions de-
scribed previously, and then to use hot pressing.

After the Preoxidation Treatment 

     After the preoxidation treatment and before hot pressing,
the assemblies were already achieved, but they had poor ad-
herence and could be broken manually. After enclosing the
samples in a protective resin, they were cut with a diamond
saw. The SEM cross-section observation of the assembly, in
backscattered electron (BSE) mode, is given in Fig. 1A, with
the corresponding EDS analysis in Fig. 1B.
     Four distinct zones are visible in Fig. 1A and in the diffu-

Fig. 3 — TZM/alumina assembly of SEM observations in the
cross section after HP: A — General view; B — interfacial zone; 
C — detail of the inclusions inside alumina; D — TZM. The table
gives the composition of the points A, B, C, and D in Fig. 3B–D,
measured by EDS.

Fig. 2 — XRD patterns of TZM and alumina before and after
the thermal treatment in air, with the corresponding JCPDS
file numbers: A — TZM raw material; B — TZM side after 
oxidation in air; C — alumina side after oxidation in air; D —
alumina raw material.

A

A

B

B

C

C

D

D

Fig. 4 — XRD patterns of the interfacial zone after hot press-
ing and breaking the joint, with the corresponding JCPDS files
numbers: A — TZM side; B — alumina side.

A

B
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sion profile of Fig. 1B, from the left to the right: 
     1) The nonoxidized TZM;
     2) A crystalline oxide layer, approximately 120 μm thick,
identified by the EDS analysis as molybdenum trioxide
MoO3 (the atomic contents of molybdenum and oxygen be-
ing, respectively, 25% and 75%);
     3) Another zone also composed of a crystalline oxide
layer, but denser than the previous one and about 80 μm
thick. This zone contains the elements molybdenum, oxy-
gen, and aluminum, with composition shifts; molybdenum
is the major metallic component at the left side and alu-
minum at the right side. The mean composition is about
17 at.-% of molybdenum, 71 at.-% of oxygen, and 12 at.-%
of aluminum that corresponds to the aluminum molybdate
Al2(MoO4)3. This zone results from the reaction between
alumina and molybdenum trioxide, following Equation 2:

     3 MoO3 + Al2O3  Al2(MoO4)3 (2)

     4) The rightmost zone is constituted of nonaffected 
alumina.
     The assemblies were broken to analyze the surfaces of
the junction zone. The XRD analyses of the corresponding
surfaces are reported in Fig. 2 (Fig. 2B: TZM side, and Fig.
2C: alumina side), together with the XRD patterns of the
raw materials (Fig. 2A: TZM, and Fig. 2D: alumina). 
     The raw TZM presented the major peaks of bcc molybde-
num; some small peaks of zirconium were visible in certain
XRD patterns, such as that of Fig. 2A, the other elements
being not visible. Alumina was in the corundum variety
(-Al2O3), and the pattern also identified small amounts of
the sintering additive Mg2SiO4.
     Figure 2B, C confirmed the presence of the phase MoO3

in both sides of the junction (TZM and alumina sides), and
traces of Al2(MoO4)3 were also visible but only in the alumi-
na side. All this meant that, when breaking, the rupture oc-
curred inside MoO3.

After Hot Pressing

     After hot pressing, TZM and alumina were very strongly
linked. The SEM micrographs of the interfacial zone, report-
ed in Fig. 3A (general view in BSE) and Fig. 3B–D (details)
showed this zone looked very different than before the HP
treatment (compare with Fig. 1A), mainly because the oxide
interlayers had almost completely disappeared. Only a thin
layer less than 10 μm thick remained, in places, between the
alloy and the alumina, such as in Fig. 3B EDS (point B of Fig.
3B), identified the oxide MoO2 alone.
     Inside the TZM, many dark penetrations were visible in-
side the alloy, up to around 300 μm from the interface (see
Fig. 3A). The bright zones (e.g., the EDS analysis of point A
in Fig. 3B) corresponded to molybdenum, while the dark
zones (point E of Fig. 3D) were composed of mixed oxides,
containing aluminum, silicon, sodium, and calcium, which
obviously came from the secondary phase of alumina. 
     Inside alumina, the microanalysis of Fig. 3B (zone C) corre-
sponded to the nominal composition of Al2O3, but there was
also several clearer lines, crossing the whole alumina disc and
looking like fissures, as seen in the BSE micrograph of Fig. 3A.
These lines contained molybdenum oxide MoO2 (see the EDS

analysis of point D in Fig. 3C) that probably penetrated during
hot pressing in cracks caused by the pressure.
     The XRD analyses of the TZM and alumina sides of the
interfacial zone, after hot pressing, required breaking the
junction, which necessitated the use of a hammer and a
screwdriver placed at the level of the junction because the
pieces were very strongly bonded. The results, given in Fig.
4, confirmed the presence of traces of oxide MoO2 in the
TZM side, accompanied by some traces of CaMo6O9, while
the oxide MoO3 and the aluminum molybdate, initially pres-
ent in the XRD patterns of Fig. 2, disappeared completely af-
ter hot pressing. The diffraction peaks of alumina were visi-
ble on the XRD patterns of the TZM side and molybdenum
peaks were identified on the XRD patterns of the alumina
side. This signified that the adherence of the junction was
comparable to the cohesion of both materials.
     To determine the adherence value of the joining, rupture
tests were attempted with the usual test ASTM C633-13
(Ref. 11), but they did not succeed because the breakings al-
ways occurred inside the used glue, for values around 45
MPa, instead of inside the samples, which meant the adher-
ence of the assembly was higher than this value.
     Referring to values commonly obtained in the case of ce-
ramic-to-metal bonding by brazing methods (50–100 MPa
[Ref. 12]), the adherence value of the system under study
(45 MPa) is rational.
     Currently, experimental and modeling studies are in
progress to determine the adhesion value of this alumina-
TZM bonding.

Discussion 

     The first step of the process (molybdenum oxidation in air
at 795°C and reaction with alumina) is relatively complex, but
the reaction mechanism can be understood on the basis of the
following elements:
     1) Molybdenum begins to oxidize in oxygen from about
300°C (Ref. 13), when the other components of TZM react at
higher temperatures. At 795°C, the only oxide obtained is
MoO3;
     2) The melting temperature of MoO3 is of 795°C, which
means it is in the liquid state or almost at the treatment tem-
perature. Hence, this oxide can easily react with alumina, giv-
ing the mixed oxide Al2(MoO4)3. More precisely, in the “zone 3”
of Fig. 1, one may find MoO3 (left side) and Al2O3 (right side);
the composition shifts of aluminum and molybdenum show
this zone corresponds to the phase diagram MoO3/Al2O3;
     3) The so-constituted assembly is relatively brittle and,
when breaking, the rupture occurs inside the MoO3 layer, so
that MoO3 is the major phase found in both sides of the bro-
ken pieces. Hence, MoO3 appears as the weak link of the chain
TZM/MoO3/AlxMoyOz/Al2O3 that composes the interfacial
zone, AlxMoyOz representing the different compositions of
the phases in “zone 3” of Fig. 1.
     At the beginning of hot pressing, the pressure is imposed
before heating. Insofar as the alumina discs were thin and
the contact zones not perfectly plane, alumina was broken.
This was confirmed by the observations of samples having
undergone just the pressure, without heating. 
     After hot pressing, the interlayer quasi disappeared, and
this is obviously the consequence of the pressure effect. In-
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deed, during heating (up to 1700°C), all the interlayer oxide
phases become liquid, and they are driven away by the pres-
sure; they mainly go inside the cracks and migrate to the
edges of the assembly, and they end up onto the Papyex
sheet. The interlayer that was initially about 200 μm thick
only subsists in a few places, with a thickness that does not
exceed 10 μm. 
     The nature and the localization of the remaining second-
ary phases must be explained. 
     1) Regarding the composition of the remains of the inter-
layer, after the oxidation step, the interlayer was composed of
MoO3 and of mixed oxides AlxMoyOz, and after hot pressing it
was only composed of the oxide MoO2. The explanation lies in
the fact the oxides of the original interlayer are not stable at
high temperatures, giving the demixing of the mixed oxides,
and the conversion of MoO3 into MoO2. Some traces of
CaMo6O9 were also found, and the only calcium source possi-
ble in the assembly being the sintering additives present in
alumina, it must be concluded that these additives, more or
less molten at 1700°C, were driven off the grain boundaries of
alumina and partially reacted with MoO2.
     2) About the presence of MoO2 deep inside Al2O3, MoO2

melts at about 1100°C, and consequently this phase was liq-
uid before reaching the hot-pressing temperature and the
molten MoO2, driven off the interface by the pressure filled
the alumina cracks. 
     3) About the presence of oxides inside the TZM, first, the
composition of these phases is surprising since they contain
the elements Ca, Si, and Na that can only come from the
grain boundaries of alumina. It must be deduced that the
pressure drives off the secondary phase of alumina so that
these phases penetrate inside the TZM, either through the
grain boundaries but perhaps also through some fissures
possibly formed inside this material. 
     From all this, a mechanism can be proposed for justify-
ing the joining after the hot-pressing step. First, because
the pressure of 22 MPa was imposed before heating, the
thin alumina disc was broken, and perhaps also that some
fissures took place inside the TZM. Then, when heating,
the interlayer melted, with decomposition and/or demix-
ing, and the liquid phases left the interface under the pres-
sure effect, went to the edge of the assembly or penetrated
inside the alumina cracks. During the temperature in-
crease, the liquid phase remained only in some places
where the two discs of TZM and alumina were not perfect-
ly in contact. When the highest temperature was reached
(1700°C), the pressure expelled the sintering additives
from the alumina; they either reacted with MoO2 when
this phase was still present, to give phases such as
CaMo6O9, or they penetrated inside in the TZM via the
grain boundaries or some fissures.
     After cooling, TZM and alumina remained strongly bond-
ed because of the interweaving of the two materials in the
interfacial zone, due to the roughness of the interface. The
secondary phases certainly played a role; they constitute
sorts of nails crossing the interface that contributed to keep
the pieces joined together. 
     It can be reminded that the interlayer is always the most
brittle zone in the ceramic-to-metal junctions, and that, for
this reason, it is better for this layer to be thin (Ref. 14).
Hence, here, the quasi complete removal of the oxide from

the interfacial zone is a further favorable point explaining
the strength of the joining.
     From the industrial point of view, this process presents
the major interest to give a strong junction ceramic/metal,
under relatively simple conditions, i.e., without the multi-
ple steps of the active brazing processes. On the other
hand, hot pressing is not a common process and can only
be used for pieces having flat or almost flat geometry. One
may also ponder the necessity of forming so many oxide
phases during the preoxidation treatment, since these
phases are quasi-entirely eliminated during HP. However,
the role of the preoxidation step is also to make rough the
surfaces of the alloy and of the ceramic, which is essential
for obtaining a good joint. In these conditions, only empir-
ical studies can allow optimizing this process.

Conclusions

     The process used for joining alumina to TZM with only
two steps (TZM preoxidation in air and hot pressing) gives
strong junctions with adherence too high to be measured in
the usual conditions of the adhesion test ASTM C633-13,
but higher than 45 MPa.
     The mechanical resistance of the junction is explained by
two major and complex contributions:
     1) A mechanical contribution: The interfacial zone, ini-
tially smooth, becomes irregular because of the reaction of
oxygen with the alloy during the preoxidation (TZM side),
and because of the formation of aluminum molybdate that
attacks alumina (alumina side). After HP and after the oxide
interlayer was lost, the ceramic and the metallic phases are
in direct contact, but interweaved, and this feature favors
the mechanical hooking of both materials (Ref. 15);
     2) A chemical contribution: During hot pressing, several
secondary phases penetrated in TZM and in alumina, which
constitute sorts of small bars inside both these materials,
crossing the interface and joining them together, as in the
case of W/AlN assemblies (Ref. 16).
     For optimizing this process, it should be necessary to define
the optimal thickness of the oxide layer, the role of which is
double; first, to attack the TZM and alumina surfaces and
make them rough to allow the mechanical joining, and second,
to allow the chemical reactions with the secondary phases that
constitute the chemical contribution to the joining.
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