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Abstract--A simple experimental technique was developed to study the near-interface deformation and 
fracture behavior in ductile-phase-toughened brittle-matrix laminates subjected to elevated-temperature 
shear loading. In the study, specimens of Nb-foils bonded to A120 a blocks were subjected to shear loading 
parallel to the Nb/AI203 interfaces. The fracture path was controlled by the applied stress, the temperature 
and the thickness of the ductile Nb layers. At high shear stresses failure took place by brittle fracture within 
the A1203 phase with concurrent shear creep in the Nb, and multiple crack branching/arresting toward 
the interface. At lower stresses, shear-creep and ductile fracture within the Nb were the dominant damage 
modes. Shear deformation was found to localize along the mid-plane of the Nb, due to strengthening of 
the Nb adjacent to the interface via solid solution and precipitation resulting from interdiffusion. With 
thin 20/Jm Nb-layers the fracture energy was low, similar to that found for pure A1203 . Our findings 
suggest that the ductile-phase toughening of laminated brittle matrix composites depends critically on the 
thickness of the ductile phase. A concept of brittle-ductile transition to assist in the understanding of the 
toughness enhancement provided by ductile phase additions into a brittle matrix. 

1. INTRODUCTION 

In recent times, toughening concepts involving the 
introduction of ductile phases in brittle ceramic or 
intermetallic matrices are being examined [1-6]. 
While it has been demonstrated that some degree of 
toughening is possible at room temperature, the effect 
of the ductile phases on the high temperature strength 
and toughness have not been studied. Since the 
development of these materials are primarily for 
applications at elevated temperature, it is of interest 
to examine the role of ductile phase, its thickness and 
interface properties on the elevated temperature creep 
and fracture behaviors in brittle matrix composites. A 
critical factor affecting the toughness, strength, and 
creep resistance of ductile-phase reinforced com- 
posites is the nature of the interface. 

Various experimental techniques have been devel- 
oped to study the mechanical behavior of interfaces 
in bi-materials under different loading modes; many 
of these techniques involve combined normal and 
shear loading along the interface. The vast majority 
of the investigations to-date have, however, been 
conducted at room temperature. Ritchie et al. [7-9] 
used double-cantilever-beam and compact tension 
specimens to study the Mode-I interface fracture 
behavior of metal-glass and metal-ceramic systems 
under monotonic and cyclic loading. Charalambides 
et al. [10], Dalgleish et al. [11, 12], and Cao et al. [13] 
utilized 4-point bending of laminated bars to evaluate 
the effect of fracture mode mixity on interface frac- 
ture energy. The phase angle, W = tan -1 ( K u / K I )  , 

which specifies the mixity of Mode-I and Mode-II 
loading, was typically about 50 ° , and it can be varied 
by changing specimen dimension. Fiber push-out and 
pull-out tests have also been used for primarily shear 
(Mode-II) loading; however, these methods are not 
directly applicable to bimaterials containing a de- 
formable phase, due to extensive plastic bending 
encountered near the interface. Other tests, having 
more complex loading conditions, include the bend- 
ing of bi-material beams [14-16] and the peeling of 
thin films [17]. These tests have provided data on the 
interface fracture energies of several bi-material pairs, 
including the Nb/AI203 system. The measured inter- 
face fracture energies and crack path depend not only 
on the specific bi-material system and processing 
history, but also on many other factors, including 
crystal orientation [18-21], mode mixity [22-24], in- 
terface microstructure [25] and roughness [26], load- 
ing rate [18], loading pattern (cyclic vs monotonic) 
and environment [27]. 

As mentioned before, these tests do not address the 
case where one of the phases can undergo creep flow 
at elevated temperature. In the present paper we 
report on a plane-shear test, which was developed 
primarily for studying the elevated temperature creep 
and fracture behavior of bi-materials under a phase 
angle that is close to 7r/2 (i.e. predominantly shear 
loading). The technique, which uses a punch and die 
setup to apply shear loading parallel to interfaces in 
bi-materials, offers simplicity in both testing oper- 
ation and specimen preparation. Using this 
approach, the creep and fracture behavior of 
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Nb/AI203 specimens (with different Nb-layer thick- 
nesses) was studied under various applied stresses and 
temperatures. The primary goal of the work was to 
determine how the introduction of a ductile Nb layer 
and the near-interface chemistry influences crack 
path and fracture behavior of a brittle A1203 matrix. 
The results of these experiments also provide insight 
into the elevated temperature shear behavior of 
brittle matrix composites containing ductile phases. 

2. EXPERIMENTAL 

2.1. Specimen preparation 

Laminated Nb/A1203 specimens were used as a 
model brittle-ductile material system. The specimens 
were prepared by diffusion bonding of Nb foils 
sandwiched between three rectangular AI203 blocks 
(stacking sequence: A1203/Nb/A1203/Nb/A1203). 
High-purity ~-A1203 plates (Coors AD-999; 99.9% 
A1203 with approximately 5% porosity) with dimen- 
sions of 25 mm x 25 mm x 4.5 ram, were metallo- 
graphically polished on their bonding faces with 6 gm 
diamond paste, followed by ultrasonic cleaning in 
acetone for 2h. Prior to diffusion bonding, the 
thickness of  each Nb foil was either 127 or 25 #m. 
The specimens were diffusion bonded at 1600°C for 
2 h in flowing argon under a ram pressure of 7 MPa. 
After bonding, the specimens were cooled at a rate of 
5°C per rain to below 600°C. The residual stress at the 
interface are expected to be small since the coefficient 
of thermal expansion of Nb (7.88 x 10-6/K [28]) and 
AI203 (8.3 x 10-6/K, from Coors) are close. The 
diffusion bonding was performed on a conventional 
mechanical testing system (Model 4507, Instron 
Corp., Canton, Mass.), that was fitted with a tung- 
sten-mesh resistance furnace inside an environmental 
chamber (Model M60-3 x 8-W-D-02M2-A-20, Cen- 
torr Furnaces, Nashua, N.H.), and graphite loading 
rams. Prior to diffusion bonding, the chamber was 
first pumped down to below 10 -4 torr vacuum and 
then filled with pre-purified argon (99.998%). The 
oxygen partial pressure was monitored continuously 
with an oxygen analyzer (Model FA30111A, Delta F 
Corp., Woburn, Mass), and found to be below 2 ppm 
during diffusion bonding. 

After diffusion bonding the thickness of the Nb- 
layers decreased to approximately 100/~m or 20 #m 
(for initial foil thicknesses of 127 and 25 pm, respect- 
ively). The Nb grain size was approximately 100 #m 
in the thickness direction and about 300 p m along the 
interface direction (the Nb grain boundaries were 
perpendicular to the Nb/A1203 interfaces). The grain 
size of  the as-received A1203 was about 5 #m, with no 
appreciable change found after diffusion bonding. 

The diffusion-bonded blocks were cut into rec- 
tangular specimens, with a height of 5 mm, a width 
of 3.5 mm and a total length of about 14 mm. To 
provide a known initial defect for crack propagation, 
some of the specimens were notched near the inter- 
faces (within the A1203, see Fig. 1). The notch depth 
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Fig. 1. (a) Schematic of experimental set-up and specimen 
geometry; (b) photograph of the loading ram-specimen~lie 

base arrangement within the furnace. 

was about 0.2 mm and the width about 0.15 mm. The 
locations of  the notches were chosen based upon the 
results obtained from several preliminary exper- 
iments, which showed that cracks tended to initiate 
from contact with the tool edges. Locating the 
notches at the contact points of the punch and the 
SiC-base provided better control of the crack in- 
itiation sites. Since the primary goal of the exper- 
iments was to determine how the ductile Nb phase 
influenced the crack path in the A1203, an initially 
sharp crack was not necessary since cracks could be 
readily started at the notch tips. 

2.2. Shear test 

A punch-die set-up was used to test the specimens 
in shear. The experimental arrangement is shown in 
Fig. l(a, b). The loading fixture consisted of a SiC- 
punch of 3.8 mm width, and a SiC die-base with a 
groove-width of 4.2 mm. To minimize the introduc- 
tion of normal stresses along the Nb/A12 03 interfaces, 
caused by bending of the specimen, the clearance 
between the contact points of the punch and die-base 
were maintained extremely small [see s in Fig. l(a)] in 
comparison to the specimen height (5 mm). Exper- 
imental results shown later in this paper indicate that 
the predominant loading is shear parallel to the 
interface. 
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The shear experiments were performed using the 
same mechanical testing system and environmental 
chamber that was used for diffusion bonding. To 
accurately locate the specimen in the test fixture, the 
specimen was viewed through an optical microscope 
and glued with a bead of superglue to the die-base 
and punch. After placing the loading fixture and 
specimen in the load frame, a preload of 50 N (about 
1.5 MPa) was maintained on the punch to prevent 
movement of the assembly during specimen heating 
and subsequent application of the punch load. (Note 
that the superglue burns off during first stage of 
heating at 400°C in vacuum.) The chamber was next 
back-filled with argon and maintained at 1 atm press- 
ure, after which a constant heating rate of 20°C/min 
was maintained until the test temperature was 
reached. During the experiments, the specimen tem- 
perature was controlled to within + I°C of the par- 
ticular test temperature. Upon completion of each 
test, the furnace was immediately turned off and the 
specimen was cooled to below 800°C within 1 min, to 
minimize possible microstructural changes in the 
specimens. 

Two testing schedules were used in the exper- 
iments: (1) constant displacement-rate and (2) con- 
stant load. In the constant displacement-rate 
experiments, 100/zm Nb/AI203 specimens were 
loaded at a punch speed of 0.1 mm/min and at 
1300°C; using separate specimens, the evolution of  
microstructural damage with increasing strain was 
determined by stopping tests at displacements of 0.12, 
0.20, 0.27, and 0.31 mm, respectively. As a compari- 
son, 20-/zm Nb/A1203 specimens and pure A1203 
specimens (without Nb interlayer) were tested under 
the same conditions used for the experiments with 
100-#m Nb/A1203 specimens. In all these tests the 
notched specimen geometry was used (see Fig. 1). In 
the constant load experiments, the mean shear stress 
along the interfaces was maintained in the range of 
5-30 MPa, which was lower than the peak stresses 
developed in the constant displacement-rate tests 
described above. Preliminary experiments indicated 
that under these low stresses the Nb layer showed 
significant creep deformation, with only limited creep 
or microstructural damage occurring within the 
A1203 or along the interface, even when notched 
specimens were used. Since the notches did not 
influence the creep behavior or microstructural dam- 
age process within the Nb layers, which was the main 
focus of the constant load experiments, the simpler 
unnotched specimens were utilized in the constant 
load experiments. These tests were also interrupted at 
designated times or displacements, so that the micro- 
structural damage and the Nb local creep strain could 
be assessed. 

During the experiments, a computer data acqui- 
sition system recorded the time t, load P, and dis- 
placement d. The load and displacement signals were 
obtained from a standard 10kN load cell and 
crosshead motion, respectively. The total crosshead 

displacement includes the elastic deformation of the 
entire loading train, which is constant under a fixed 
load. Thus, during the constant load creep exper- 
iments, the change in displacement can be attributed 
to plastic deformation and microstructural damage 
occurring within the specimen. For  constant displace- 
ment-rate experiments, specimen displacement can be 
reasonably estimated by subtracting the elastic dis- 
placement of the load frame and test fixtures from 
the total displacement. (The load frame and test 
fixture compliance was estimated from the load-  
displacement relation obtained without a specimen.) 
Using the following relationships and the measured 
data sets of (P, d, t )  found from the constant load 
creep tests, the mean values of shear strain 7, strain 
rate ~, and shear stress z can be estimated: 7 = d/6 
(where ~ is the Nb thickness), ~ =Ay/A t ,  and 
r = P / ( 2 H W ) ,  (see Fig. 1). 

2.3. Microstructural and compositional examination 

After testing, the fracture path and microstructural 
damage in the specimens was determined by optical 
microscopy and scanning electron microscopy. The 
chemical composition was determined by microprobe 
analysis (MBX-MICROBEAM, Cameca, Stamford, 
Conn.), and the phases were identified by use of an 
X-ray diffractometer (Rigaku Goniometer and Ro- 
taflex, D/MAX-B system, Rigaku Corp., Tokyo). 
These measurements were compared with those from 
virgin specimens. In addition, the variation in micro- 
hardness across the 100 #m Nb-layer in virgin speci- 
mens was characterized by room temperature 
microhardness measurements using a Knoop 
indenter. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

In this section we first describe the mechanical 
behavior and microstructural investigation of dam- 
age modes found for the specimens with 100 # m thick 
Nb-layers (hereafter referred to as the thick layers). 
The behavior of these specimens is contrasted with 
that found for specimens that had thinner (20 #m) 
Nb-layers. Finally, the overall shear-fracture process 
for the bi-material specimens is summarized. 

3.1. Constant displacement-rate experiments: high 
stresses behavior 

3.1. I. Mechanical behavior. Figure 2 shows typical 
load vs displacement curves for 100#m Nb/A1203 
specimens that were interrupted at different stages of 
deformation. For  these experiments, the test tempera- 
ture was 1300°C and the punch speed was 
0.1 mm/min. The loading curves exhibit nearly linear 
behavior in the early stages of loading. The slope of 
the curves decrease until the ultimate load is reached, 
after which the load decreases until failure; the de- 
creasing slope is attributed to plastic deformation 
within the specimen. The scatter in the loading curves 
is believed to be a consequence of sample to sample 
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Fig. 2. Load vs total displacement curves for a set of 
interrupted experiments conducted at 1300°C under a con- 
stant punch displacement-rate of 0.1 mm/min. The results 
shown are for 100 gm Nb specimens. The stiffness of the 
machine without specimen is shown by the dashed line. The 
specimen displacement can be calculated by subtracting the 

machine's displacement from total displacement. 

variation. It is important to note that the scatter is 
relatively small when compared with the displace- 
ment due to the machine compliance itself. 

3.1.2. Damage process. Figure 3 shows the evol- 
ution of microstructural damage in specimens that 
were loaded at a constant displacement rate. Figure 
4 shows the details of the damage that occurred 
within the Nb phase (the loading curves for these 
specimens are shown in Fig. 2, and marked 1-4, 
respectively). Two damage mechanisms were operat- 
ing in parallel as the accumulated strain increased: (1) 
intergranular fracture within the A1203  in the vicinity 
of  the Nb/AI203 interfaces (Fig. 3), and (2) shear 
creep and fracture within the Nb-layers (Fig. 4). The 
main crack initiated from the notch and propagated 
through the A1203 phase in an intergranular manner, 
which was verified by SEM. This main crack did not 
follow a path directly joining the two notches, rather, 
it was attracted toward the interface early in the 
deformation process [see Fig. 3(1, 2)]. It is believed 
that the plastically deforming Nb layer modifies the 
stress distribution in the loading direction by impos- 
ing shear traction directly along the mid-plane of the 
Nb layer; this can induce a local K~-loading near the 
top and bottom of the specimens, as shown by the 
simple schematic in Fig. 3(b). Crack is then deflected 
at 45 ° to the interface, which is the direction of 

Fig. 3(a) 
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Fig. 3. (a) SEM micrographs of interrupted test specimens 
described in Fig. 2. Note the evolution of cracking with 
increasing punch displacement: (I) 0.13 mm; (2) 0.2 mm; (2) 
0.27 mm; (2) 0.30 mm. (b) Schematic showing how shear in 
the ductile phase influences the crack path by branching to 

the Nb/A1203 interfaces. 

highest local K~/Ku ratio. As the crack approaches 
the interface, the higher interfacial strength and 
toughness retards the motion of this crack. This kind 
of crack deflection toward the interface is directly 
attributed to the shear deformation of Nb phase, and 
its arrest is a result of a "strong" interface. Continu- 
ously increasing load reactivates the main crack 
sufficiently to provide further propagation within the 
Al/O3 phase [see Fig. 3(3)]. The high strain rate 
sensitivity of Nb is believed to be responsible for its 
ability to transmit this high load to the A1203 phase. 
This periodic crack branching/arresting process con- 
tinues until the stress-fields from the dominant cracks 
on either side of the ductile phase start to interact [see 
Fig. 3(4)]. When the two cracks from both top and 
bottom of the specimen merge near the middle of the 
specimen, the total applied load is carried primarily 
by the Nb layer, leading to specimen failure by local 
necking or tear-out of the Nb layer. 

The attraction of cracks toward the interface in 
bi-materials has been reported by Riihle et al. [18] for 

Fig. 4. Progressive damage development in the Nb layer 
for constant displacement-rate tests. The micrographs are 

enlarged from the central regions from Fig. 3(a). 

Mode-I loading of Nb/AI203 specimens. In his exper- 
iments, Rfihle observed that an indentation crack in 
the A1203 located adjacent to the interface had a 
tendency to propagate toward the interface. A con- 
tinuous crack branching/attraction phenomenon 
under primarily far-field Mode-II loading has not 
been reported; such a phenomenon is closely related 
to the shear deformation that occurs when a ductile 
interlayer is embedded in a brittle matrix. When a 
main crack intersects the Nb/AI203 interface, plastic 
deformation of the Nb reduces the crack-tip stress 
intensity, preventing crack propagation through the 
Nb. Because of the very strong bond of the Nb/AI203 
interface, the crack does not propagate along the 
interface. 

In parallel with the development of cracking in the 
A1203, shear fracture or creep occurs simultaneously 
in the Nb layer. At an early stage of the experiment 
shear flow lines begin to develop in the Nb at an angle 
of 18-25 ° to the Nb/A1203 interfaces (see Fig. 4(1)). 
The angle decreases with an increase in the imposed 
displacement. These shear flow lines are located 
primarily in the central portion of the Nb layer. With 
increasing shear strain, the flow lines rotate and small 
cracks form. These small cracks link up to form a 
zigzag path along the length of the Nb layer (see Fig. 
4). The small cracks are inclined at about 12-20 ° to 
the interface direction. Despite severe shear damage, 
portions of the central region of the Nb remained 
bonded, possibly due to rejoining, and continue to 
support the applied load. To summarize, at high 
applied stresses (above 40 MPa), ductile shear flow 
within the Nb layer and brittle multiple cracking of 
the A1203 contribute to the deformation of the 
composite. 

3.2. Constant load test: constrained creep and fracture 
at low stresses 

3.2.1. Mechanical behavior. Figure 5(a) shows the 
displacement vs time curves for representative con- 
stant load experiments conducted with the thick layer 
specimens. In Fig. 5(b), the steady-state creep rates, 
obtained from the slopes of the secondary stage of the 
creep curves, were plotted against the applied stresses 
for several temperatures from 1000 to 1300°C. Also 
shown in Fig. 5(b) are the creep data for the thin Nb 
specimens at 1200°C. The creep rates for these are 
two orders of magnitude lower than that for the thick 
layer specimens tested under the same conditions. 
The creep displacement and average creep rate 
measured from crosshead displacement were com- 
pared with the shear displacement of Nb layer ob- 
tained by examination of SEM micrographs (given in 
the next section); good agreement between these two 
measurements was obtained. Creep of A1203 at the 
relatively low stress and temperature, based on vari- 
ous sources (see a review by Cannon and Langdon 
[29]), is several orders of magnitude lower than that 
of Nb, and therefore negligible. Thus, shear creep in 
the Nb layers is responsible for the majority of the 
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Fig. 5. (a) Displacement vs time curves from several con- 
stant load tests with 100/~m-Nb specimens, the tests were 
interrupted before failure. (b) Steady-state creep rate vs 
stress for 100pm-Nb specimens tested at 1000-1300°C, 
measured from both crosshead displacements and micro- 
graphs. One set of data for the 20/~m-Nb specimens at 
1200°C are also shown, which illustrates creep rates that are 
two orders of magnitude lower than that for 100gm-Nb 

specimens. 

pure Nb, the creep rate under an applied stress of 
20 MPa is in the range of 10 -6 to 10 -5 s -] [32], which 
is similar to the shear creep rate found in the present 
investigation. 

3.2.2. Ductile fracture of Nb layer and evolution of 
microstructural damage Figure 6 shows the side view 
of a specimen with 100/~m-thick Nb layers that was 
crept for 10h at 1200°C under a constant load 
equivalent to an average shear stress of 10 MPa. The 
specimen deformed by shear along the mid-plane of 
the Nb; the two Nb half layers were displaced relative 
to one another by approximately 250/~m. Despite the 
severe damage to the Nb, the specimen continued to 
sustain the applied load up to this stage. The absence 
of a significant stress normal to the Nb/A1203 inter- 
face prevents separation of the Nb along the highly 
distorted mid-plane. The ability to sustain load ap- 
pears to be related to re-joining of the Nb in a fashion 
analogous to frictional welding. 

SEM micrographs showing progressive defor- 
mation of the Nb grains in 100/lm Nb/A1203 speci- 
mens during shear testing at 1200°C are given in 
Fig. 7. Prior to testing, the grain boundaries were fiat 

deformation. From the limited data of shear stress 
and strain rate plotted on a log-log scale, one can 
estimate the stress exponent (n-value) of the creep 
equation ~ =Az"exp( - -Q/RT) ,  where n = 5  for 
1000°C and n = 3  for l l00°C and higher. The 
average activation energy for this temperature 
range is estimated to be 280 kJ/mol. These results 
represent only approximate estimates, since there is 
considerable scatter in the experimental creep data 
presented. A possible reason for this scatter is 
the non-planarity of the Nb/AI203 interfaces after 
diffusion bonding. 

The increase in stress exponent for creep above 
1000°C indicates a change in the deformation mech- 
anism. At 1000°C, n = 5, this value is typical of 
dislocation creep [30], and flow lines and substruc- 
tures as that shown in Fig. 5 are expected to develop. 
Above 1100°C, diffusional processes provide greater 
contribution. If a subgrain structure develops during 
creep, Nabarro-Herring creep of subgrains can oc- 
cur, and a stress exponent near 3 is expected [31]. For 

Fig. 6. Micrographs obtained from a 100 #m-Nb specimen 
crept at 1200°C at 10MPa for 7h, (total displace- 
ment=250/~m). Note that limited damage developed 
within the A1203, while extensive shear creep and damage 
developed within the Nb layer. The figure on the right is an 
enlargement of the inset, showing interface debonding and 

necking in the Nb. 
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Fig. 7. (a) Micrographs of the 100 pm thick Nb specimens 
in etched condition (etchant: HNO 3 (1.40):HF(40%) = 1:3 
(vol), 10 s. The separation at the interface is an artifact of 
etching). (1) Before test the grain boundaries were fiat and 
perpendicular to the interface; (2) after creep at 1200°C for 
2 h (with displacement of 20/lm,) the grain boundaries were 
kinked into a sigmoidal shape, indicating that the central 
portion of the Nb experienced more deformation than that 
near the interfaces; (3) after creep at 1200°C for 7 h (with 
displacement of 250#m) extensive grain boundary kinks 
(see arrows for grain boundaries) and some substructure 
were formed in the middle portion of the Nb layer. (b) Grain 
boundary profiles from several creep tests, obtained by a 

computer scanner on SEM micrographs. 

across the entire 100 #m thickness and were parallel 
to one another [see Fig. 7(1)]. The extent of grain 
boundary kinking, as well as the relative shear dis- 
placement at the top and bottom of the specimens, 
provided a means to estimate the plastic shear strain 
that occurred in the Nb layer. After 20% shear strain, 
the grain boundaries kinked to assume a sigmoidal 
shape [Fig. 7(2)]. With further displacement, equival- 
ent to 250% shear strain, extensive shear localization 
and creep damage developed in the center of the 
Nb-layer; subgrains ( ~ 1 0 # m  size) also developed 
within the central half-thickness of the Nb [Fig. 7(3)]. 
This subgrain formation suggests that dislocation 
mechanism plays an important role in the creep 
behavior. Traces of the grain boundary profiles from 
specimens deformed to different displacements are 
shown in Fig. 7(4). These profiles show that defor- 
mation within the Nb layer was extremely inhomo- 
geneous, with only the central 50#m region 
participating in the flow process. With an increase in 
punch displacement, the grain boundary kinks con- 
tinued to develop until, at large strains, they became 
discontinuous along the mid-plane of the Nb layers. 
Close to the Nb/A1203 interfaces, the Nb grain 
boundaries exhibited very limited shearing, and re- 
mained perpendicular to the interface. This inhomo- 
geneous deformation was prevalent along the entire 
height dimension of the Nb layer. 

3.2.3. Near-interface chemistry and strength. A 
possible cause of grain boundary kinking is the 
constraint to shear deformation provided by the 
surface roughness of the AI203. However, this con- 
straint would affect the region adjacent to the inter- 
face over a distance that is of the same order as the 
roughness ( ~  1-3/~m). This distance is much smaller 
than the rigid region adjacent to the interface over 
which kinking was not observed. Furthermore, since 
the specimen breadth was more than 300 times the 
thickness of the Nb layer, the plastic constraint in the 
breadth direction [x direction in Fig. l(a)] cannot 
vary appreciably through the thickness of the Nb 
layer. Thus, plastic constraint cannot be responsible 
for the inhomogeneity of plastic flow observed in the 
Nb. A detailed FEM analysis of this problem is 
underway. Preliminary results show an extremely 
minor effect of such constraint on the shape of the 
flow lines, if the creep resistance of Nb is assumed 
constant across the thickness. Thus, plastic constraint 
effects are believed to be negligible in this special case 
of pure shear loading. 

The most probable mechanism for grain boundary 
kinking is a variation in the flow behavior within the 
Nb layers, as a result of compositional changes 
occurring during diffusion bonding. To examine this 
possibility, electron microprobe analysis was per- 
formed to determine the chemical composition across 
the thickness of the Nb layer. The relative distri- 
bution of [O], [A1], and [Nb] across the interface in a 
specimen with 100/~m Nb layers is shown in Fig. 8. 
From the interface to the central portion of the Nb 
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Fig. 8. Relative intensities of X-ray diffraction for [AI], [O], 
and [Nb] across the A1203/Nb interface. The sample was 
diffusion-bonded at 1600°C and 7 MPa for 2 h. The Nb peak 

in the A1203 is caused by intrusion into the AI203. 

layer, the aluminum concentration is found to de- 
crease rapidly near the interface, and continue to 
decrease within the Nb layer, proceeding as far as the 
mid-plane of the Nb layer. From the quantitative 
analysis of  composition, the aluminum concentration 
in the Nb phase decreases from 1 at. % in the vicinity 
of the interface to less than 0.4 at. % at a distance of 
50/~m from the interface. This result is consistent 
with the results obtained from other investigations of 
the Nb/A1203 system [33, 34]. The concentration of 
[A1]- or [O]-containing precipitates in the Nb layers 
would be proportional to this profile. XRD analysis 
of the Nb surface from a specimen that was interfa- 
cially fractured at room temperature, showed that 
small amounts of precipitates of A1203, NbO and 
NBO2.43: were present at the interface (see Fig. 9). 
Clearly both [A1] and [O] had diffused into Nb during 
the diffusion bonding cycle, providing a strong 
chemical bond along the interface. Both the A1 in 
solid solution in Nb and the precipitates can cause a 
hardening effect near the Nb/A12 03 interfaces. Micro- 
hardness measurements further confirmed a harden- 
ing effect in the vicinity of the interface, as shown in 
Fig. 10. Because of strong bonding in this bi-material 
system and the intrusion of the Nb into the A1203, 
the interface strength and toughness are greater than 
either of the constituents. This surface intrusion 
eliminates the porosity along the interface and in- 
creases the toughness of the interface through the 
mixing of the brittle phase with the ductile phase. 

3.3. Effect of  Nb layer thickness 

Due to the large distances over which compo- 
sitional changes can occur near the interface, thinner 
Nb layers would be less likely to have a pure Nb core. 
In other words, the effect of near interface strengthen- 
ing will have a much greater impact on the mechan- 
ical behavior of  laminates with thin ductile layers. 
Indeed, there was a dramatic difference between the 
mechanical behaviors of the composites containing 
20 and 100/~m Nb layers, Figure 1 l(a) shows load vs 
displacement curves for specimens with 20/~m- and 

100 ttm-thick Nb layer, and for a specimen of pure 
A1203 (without Nb interlayer), under the same con- 
stant speed and temperature. Although the specimens 
with 20/~m Nb layers had a much higher ultimate 
load than that of the 100/tm-Nb specimens, they had 
a significantly lower plastic component of displace- 
ment. The mechanical behavior and failure mode of 
the composites with 20 ~tm Nb layers were, in fact, 
very similar to the brittle fracture behavior of pure 
AI203 specimens. This thickness effect is expected 
even in the absence of any chemical effect, for ductile 
layers having a high strain rate sensitivity. For the 
same displacement rate the thinner Nb layer can 
experience a shear strain rate which is at least 5 times 
higher than that for the 100 #m layer Nb sample. Due 
to the high strain rate sensitivity of Nb, the resulting 
high stresses can readily damage the brittle A1203 
matrix before significant creep can occur in the thin 
Nb layer. 

The energy absorbed for the specimens with thick 
and thin Nb layers and for pure A1203 is shown in 
Fig. 1 l(b). The energy was calculated by integrating 
the plots in Fig. 1 l(a) over the corresponding dis- 
placement to obtain the total external work, and then 
subtracting the associated elastic work due to ma- 
chine compliance. The 100pm-Nb specimen has a 
much higher plastic energy than the 20 #m-Nb spec- 
imen and the A1203, while the latter two have nearly 
the same behavior. This result indicates that the use 
of thick Nb layers can increase the toughness of 
ductile-phase reinforced brittle-matrix composites, 
while layers thinner than 20 pm may not have signifi- 
cant effect. 

SEM micrographs showing the fracture path in a 
20pm-Nb/A1203 specimen and a pure A1203 speci- 
men are given in Fig. 12. These specimens had very 
similar damage modes. Multiple crack branching was 
not observed either in the thinner Nb specimens or in 
the A1203 specimens, and the crack follows a path 
near the line joining the two notches. This is in 
contrast to the ductile fracture process observed in 
the 100pm Nb/A1203 specimens. With a thin Nb 
layer, the specimens exhibited brittle behavior, with 
no significant shear in the Nb layer. Thus, there exists 
a critical thickness of Nb for toughness enhancement, 
which is dependent on diffusion bonding parameters. 

3.4. Interface fracture 

For the diffusion bonding conditions used in this 
work, the Nb/A1203 interfaces were strong, and 
interface debonding and fracture were rarely seen. In 
a few cases, however, local interface debonding did 
occur, as shown in Fig. 13, possibly because of local 
contamination of the Nb sheets. Interface debonding 
was also observed near the tool contacts, and during 
the last stage of crack propagation, as the main crack 
from the top and bottom of the specimen merged 
near the center of the specimen. Clearly normal 
stresses are generated in this area. The interface in 
the thinner Nb specimens were found to debond 



' -  60 
_¢ 

._¢> 40 

O re 20 

WU et al.: 

1 0 0  I , , , , I , , , ~ I . . . .  

N b  foil ,  A s - r e c e i v e d  
80 

100 

80 
._>, 
¢ 0  
, "  60 
O 

.5 40 

¢D 

n- 20 

0 
20 

100 

80 

m 2 0  

MODEL Nb/AI LAMINATES UNDER SHEAR LOADING 

0 
20 

110 

1 
' ' ' ' I ' ' + '  w I 

3O 4O 

, , , , I , , , . I . , , 

A f t e r  d i f f u s i o n  B o n d i n g  

• AI203 (PDF:10-173) 
+ NbO (PDF:15-535) 
:1:NBO2.432 (PDF:30-870) 

,---:' , -, 

I , , , 

110 

+* +.Jl. +* • J _  _*__ ~ b . 
I ' ' ' ' I ' ' ' ' I 

3O 4O 5 O  

2 O  

110 

4O 5O 
2 0  

2O0 

I | i | | i i i m 

211 

_ _ ~  I I L _  

i i | i 

70 80 5O 6 0  
2O 

, I , , , I , , , 
i 

2 0 0  

2 1 1  

. . . .  ~ . .  1 /¢ .  
' ' ' ' I ' ' ' ' I 

6 0  7O 

i | | • 

8O 

, ,  I , , , ,  I , , , , 

Nb P o w d e r  s t a n d a r d  
( f rom P D F : 3 5 - 7 8 9 )  

O i i | i | i | | i 

20 30 80 

200 211 

I I 
' ' ' I ' ' ' ' I 

6 0  7 0  

(a) 

( b )  

(c) 

Fig. 9. X-ray diffraction patterns: (a) as-received Nb foil normal to the surface; (b) Nb-surface after 
diffusion-bonding, the specimen was interfacially fractured at RT, and a small amount of Nb oxides were 
detected; (c) Nb powder standard. The difference in X-ray intensities in (a) and (b) are probably due to 

the variation in cold-rolling vs annealing textures. 

2077 

somewhat easier than those with the 100#m-Nb, 
possibly because the thin Nb layer offered greater 
resistance to deformation and could not relieve local 
stress build-up by plastic deformation as in the 
thicker Nb specimen. Thus, the interfacial strength in 
Nb/AI203 interfaces are typically greater than the 
cohesive strength of AI2 03 and the constrained flow 
strength of Nb. The interdiffusion at Nb/AI2 03 inter- 
face is a key to this strength enhancement. 

3.5. Overall composite fracture process and transition 
behavior 

In this study, three basic damage mechanisms were 
observed: (a) brittle fracture within the A1203 (inter- 
granular fracture); (b) ductile fracture within the Nb 

layer (creep rupture); (c) brittle fracture along the 
Nb/AI203 interface. These three damage mechanisms 
operate simultaneously, in a competitive manner; the 
overall fracture behavior of the composite depends 
upon the dominant mechanism. Since the relative 
contribution of each process varies with temperature, 
applied stress, and the Nb thickness, there are three 
distinct regimes of composite behavior, as illustrated 
schematically in Fig. 14. These are described below: 

Regime 1. Ductile fracture. At high temperatures 
and low applied stresses (below the fracture stress of 
the Ai203), damage is restricted within the Nb layer, 
with pronounced shear deformation occurring along 
the mid-plane of the Nb. The shear deformation 
is followed by cavitation, slow crack growth and 
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Fig. 10. Room temperature microhardness across the thick- 
ness of the i00/~m-Nb layer. Note that the central portion 

of the Nb is softer than the region near the interfaces. 

linkage. Concurrently, a re-joining of the fractured 
pairs occurs even after linkage of small shear 
cracks in the mid-plane of Nb during the shear 
creep. 

Regime 2. Brittle fracture within A1203 or along the 
interfaces. This fracture mode was observed at high 
stresses and low test temperatures, and also when a 
high normal  stress develops across the interface. This 
occurred more often for specimens with thinner Nb  
layers. 
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Fig. 11. (a) Load vs displacement curves for specimens with 
100/~m and 20 #m-Nb layers, and for pure A1203 specimen. 
The curves were obtained at 1300°C at a constant speed of 
0.1 mm/min; (b) energy vs displacement, corresponding to 

the curves shown in (a). 

Fig. 12. Front view of specimens showing fracture path: (I) 
20/~ m-Nb specimen, and (2) AI2 03 (without Nb layer). The 

test conditions are given in Fig. I 1. 

Regime 3. Transitional fracture. Multiple energy 
dissipating mechanisms may be active within this 
regime. Brittle fracture within the AI203 is concurrent 
with plastic flow within the Nb phase, and crack 
branching toward the Nb/A1203 interface. At elev- 
ated temperatures and under shear loading, the pres- 
ence of a relatively thick (100 #m) Nb layer causes a 
redistribution of the stress within the A1203 matrix 
and attracts the crack toward the interface 

Fig. 13. Front view of 20/~m-Nb specimen showing inter- 
face debonding after testing at 1200°C under a constant 
displacement rate of 0.1 mm/min: (1) low magnification; and 
(2) high magnification showing that interface debonding is 
discontinuous. Note that only one-half of the specimen is 

shown. 
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Applied Stress 
Fig. 14. Schematic illustration of three regimes of Nb/AI 203 
laminate fracture behavior under shear loading, as functions 
of temperature, applied stress, and the Nb thickness. Be- 
tween a ductile regime at high temperature-low stress and a 
brittle regime at low temperature-high stress, there exists a 
brittle~luctile transition regime (shadowed region). In this 
regime multiple crack branching in A1203 with concurrent 
shear deformation within Nb layer results in additional 
energy dissipation. As the Nb thickness increases, the ductile 
fracture regime expands to lower temperature-higher stress 

region. 

prematurely. This stress redistribution occurs due to 
plastic deformation within the Nb. Because of the 
extremely strong Nb/AI203 interface, interfacial 
debonding does not occur; rather, multiple crack 
arresting/branching to the interface is observed 
within AI203 . 

In addition to temperature and stress, the Nb 
thickness plays an important role in the brittle- 
ductile transition. Composites with Nb-layers as thin 
as 20pm showed no increase in toughness over 
monolithic A1203, exhibiting a brittle failure mode. 
Thus, a decrease in Nb thickness can expand the 
brittle fracture regime, and concurrently reduce the 
transition and the ductile fracture regimes. Alterna- 
tively, increasing the Nb thickness can expand the 
ductile regime and possibly the transition regime as 
well. 

The fracture path and fracture transition can be 
influenced by the relative characteristics of the indi- 
vidual constituents and their interface. Studies of the 
fracture behavior of ceramics [35] indicate that pro- 
cessing-related flaws provide crack initiation sites and 
control the fracture stress of the AI203 phase. At 
room temperature the fracture stress of A1203 is 
typically lower than that for Nb, and also lower than 
the fracture stress of the Nb/A1203 interface. How- 
ever, at 1000-1300°C Nb is softer and undergoes 
plastic flow. The flow stress of Nb is dependent on the 
strain rate or applied stress. At high temperatures the 
strength of A12 03 and the interface may also decrease 
somewhat, but not as much as that of Nb. Since 

failure of the composite is controlled by weakest 
path, higher temperature and lower applied stress 
favor ductile fracture within Nb, alternatively, lower 
temperature and higher applied stress favor brittle 
fracture within A1203, and probably at interface as 
well. For the present composite system, if the applied 
stress is above 40 MPa, damage in the A12 03 develops 
very rapidly, and the specimen fails in a brittle 
manner within several minutes of loading. During 
this period, Nb also creeps, but due to its higher 
ductility Nb can sustain very large strains prior to 
failure. If the applied stress is below approximately 
40 MPa, limited creep damage occurs in the A1203, 
but Nb undergoes significant creep deformation. 
Failure therefore occurs either within the A1203 or 
within the Nb, and the transition from one to the 
other will depend on the applied stress and testing 
temperature. 

4. A D D I T I O N A L  INSIGHTS: FRACTURE MODE 
MIXIT¥ IN THE SHEAR TEST 

It is realized that the exact loading condition in the 
present shear test is complicated and can deviate from 
one of pure shear. The complexity arises from both 
the mismatch of the bi-material constants and the 
complicated stress state developed during the exper- 
iments. The influence of material mismatch on mode 
mixity can be assessed from an analysis by Rice [36]. 
From this analysis, the stress intensity factor in a 
bi-material containing a thin layer, /£1 + iK2, is re- 
lated to K~ + iKn of a homogeneous material (without 
the layer) by a phase angle shift co 

tan-l(K2/K1) = tan- l (Ku/Ki)  + co (1) 

where, co is a function of ~ and fl, the modulus 
mismatch parameters of Dundurs [37] (these par- 
ameters are related to the Young's modulus and 
Poisson's ratio of both constituents). In most engin- 
eering materials co ranges between 5 ° and - 1 8  °. 

Even neglecting the phase shift effect, pure shear is 
not easy to obtain, due to the tool contact, punch-die 
clearance and specimen geometry effect. For bend 
tests, for example, curvature and stress gradients 
develop naturally. For the punch apparatus used 
here, the punch shear test can be considered as an 
extreme case of bending of a thick beam, where the 
locations of the concentrated loads at the inner and 
outer spans are very close along the beam axis. In 
case of a large outer span, the stress along the 
interface can be approximately determined by consid- 
ering a homogeneous beam subjected to elastic bend- 
ing, and multiplying by a stress concentration factor. 
For simple bending of a notched bar, the normal and 
shear stresses can be expressed as [38] 

6Ps 
0"11 = m] ~TT-~Y (2) 

(3) 
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where, m I and m 2 are the stress concentration factors 
due to the notch, y is the vertical distance from the 
specimen center, a is the notch depth, H and W are 
the specimen height and width, and H '  = H - 2a, see 
Fig. 1. Dimensionally, all is proportional to s but trt2 
is independent of s; accordingly the stress intensities 
KI and gll at a notch should follow the same trend. 
Therefore, the phase angle W[= tan-t(Kii/K1)] 
monotonically decreases with the clearance s. For  
small s, the bending solution is no longer valid, since 
a complicated stress state exists in the vicinity of  the 
tool contact points, which causes both shear and 
normal stresses. Preliminary results obtained from 
finite element analysis [39], indicate that at room 
temperature tensile stresses are generated near the 
point of contact. However, by the introduction of 
notches this effect can be minimized and W can 
approach n/2 for a large part of  specimen. The 
presence of a ductile layer imparts uniform applied 
shear traction along the interface, as shown in Fig. 
3(b), which can change W at the crack tip to approach 
a value of n/4 within A1203. 

It is worth noting that in certain circumstances the 
existence of a stress component normal to interface 
may prove to be an advantage for the punch-shear 
test. From equations (2) and (3), the phase angle ~g 
can be varied from It/2 toward zero by increasing 
s / H '  from 0 to >> 1. This allows one to study the 
effect of mode mixity on interface debonding and 
composite fracture using the same experimental 
configuration. 

It has been reported by Rfihle et al. [18] that at 
room temperature interface fracture in Nb/A1203 
composites can occur under Mode-I loading with a 
high crack velocity, and an increase in KI~/K~ ratio 
will increase the interface fracture energy [22, 24]. The 
results of the present investigation show that at 
elevated temperature the interface fracture of 
Nb/A12 03 system generally does not occur for Mode- 
II loading. In addition to strong interface bonding in 
the Nb/AI203 system, the non-planarity of  the inter- 
face, arising from surface roughness of AI2 03, may be 
partially responsible for the absence of debonding. In 
order to shear a rough interface a great deal of plastic 
energy is required to cut through the nonplanar Nb 
steps, which is not necessary for Mode-I fracture. 

5. CONCLUSIONS 

A simple experimental technique was developed to 
study the elevated-temperature creep and fracture 
behavior of brittle matrix laminates containing duc- 
tile phases under shear loading. As a result of  the 
experimental study, an understanding of the high 
temperature toughening mechanisms and brittle-to- 
ductile transition in these materials were developed. 
The primary findings of this study are listed below: 

1. The addition of a ductile Nb layer to A1203. 
modified the fracture mode from one of brittle frac- 
ture to that exhibiting additional modes of energy 

dissipation. For  shear loading parallel to the 
Nb/A1203 interfaces, these modes are: (i) multiple 
crack branching within the A1203, towards the 
Nb/A1203 interface, (ii) debonding along the 
Nb/A1203 interface, and (iii) plastic flow and shear 
cracking within the Nb layer. Multiple crack branch- 
ing to the interface is attributed to the accommo- 
dation of  displacement by plastic deformation of the 
Nb-layer, which causes stress redistribution within 
the A12 03. The extensive crack branching within the 
Al 2 03 and concurrent shear creep within the Nb are 
mechanisms for enhanced toughening in these lami- 
nates. 

2. The fracture path was controlled by the applied 
stress and temperature, and the thickness of the Nb 
layer. High stresses favor brittle fracture within the 
A1203, while low stresses favor shear creep and 
ductile fracture within the Nb. A brittle/ductile tran- 
sition occurred at an average shear stress of about 
40 MPa. Interface fracture was rarely observed for 
this strongly bonded bi-material system. 

3. Based upon limited data for creep rate, the 
stress exponent for creep of  the constrained Nb layer 
decreased from approximately 5 at 1000°C to ap- 
proximately 3 at temperatures from 1100 to 1200°C. 
The different stress exponents indicate a change in the 
dominant creep deformation mechanism, from dislo- 
cation controlled creep to possibly diffusion assisted 
subgrain creep. 

4. Microstructural examination revealed that the 
initial flat Nb grain boundaries underwent consider- 
able kinking as a consequence of inhomogeneous 
creep across the Nb thickness. This inhomogeneous 
creep was attributed to aluminum and oxygen diffu- 
sion from the AI203 into the Nb during diffusion 
bonding, which increased the creep resistance of Nb 
in the vicinity of the interfaces. 

5. The Nb thickness had a significant effect on the 
fracture process. For  thinner layers of Nb the entire 
layer can be strengthened by interdiffusion of Al and 
O. Furthermore, since a thinner layer experiences a 
higher local strain rate than a thicker layer, it sup- 
ports a higher stress level. Composites with thinner 
20 #m Nb layers exhibited poor ductility. The frac- 
ture path for these composites was similar to that 
found in monolithic A1203, indicating brittle behav- 
ior. Ductile phase toughening showed a marked 
enhancement when the Nb layer thickness was in- 
creased to 100/~m. 
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