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This report clearly demonstrates that the mechanical behavior of a refractory metal 
based composite, such as Nb-10 a/o Si alloy, can be improved considerably by 
tailoring the microstructure through thermomechanical processing (TMP).  This 
desired microstructure consists of a fine grain silicide matrix reinfored with 
polygrain Nb particles which are elongated, oriented and aligned in a direction 
transverse to crack propagation.  The powder processing route can achieve a fine 
grain structure which would exhibit high strength.  But, significant improvements 
in fracture toughness would probably not be possible because factors such as the 
elongation, alignment, and orientation of the ductile reinforement phase are critical 
and provide additional energy absorption mechanisms such as pull-out, interface 
sliding, and crack bridging.  The directional solidification (DS) process can 
produce a composite with reinforcing phase particles of specific size, spacing, and 
orientation.  However, in the DS material, both the matrix and the ductile particles 
have single grain structures, which are prone to cleavage.  Therefore, TMP by hot 
extrusion of a DS material will result in a composite with optimum properties. .\ ... 
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INTRODUCTION 

Materials for applications at temperatures in excess of 1200°C must exhibit a balance of 

strength, fracture toughness, microstructural, chemical and mechanical stability, and creep, 

oxidation, and fatigue resistance over a wide range of temperatures. Advanced metal-matrix 

composites based on refractory metal alloy systems are attractive because their high melting point 

give them the potential for high strength, stiffness and creep resistance. Figure 1, which shows 

a comparison of operating temperature versus strength-to-weight ratio for various classes of 

materials, illustrates the potential advantage that silicide matrix composites (SMC) have over 

conventional titanium and nickel alloys, metal-matrix-composites (MMC), and intermetallic- 

matrix-composites (IMC)[1,2]. The use of SMC's can reduce turbine air cooling, reduce the 

engine weight, and produce more efficient fuel combustion due to higher operating temperature. 

But, due to the brittle nature of the silicide matrix, the room temperature fracture toughness of 

this class of materials is inherently poor. So, the challenge lies in improving the room 

temperature fracture toughness without sacrificing much of the high temperature properties. 

Various SMC's based on systems such as Mo-Si (MoSi2), Nb-Si (Nb5Si3, Nb3Si), Cr-Si (Cr5Si3), 

W-Si (WSi2), Ta-Si (TaSi2, Ta5Si3) etc., have been considered [3,4,5]. 

Improving the toughness of a silicide by distributing a ductile phase within the brittle 

silicide matrix offers a promising solution to the problem. The concept of ductile phase 

toughening has been discussed extensively in literature [6-11]. Improvements in toughness result 

from a number of mechanisms, such as crack-bridging, crack-blunting, and crack-deflection. One 

or more of these mechanisms may act simultaneously in any given system to provide an overall 

improvement in toughness. 

The Nb-Si system was chosen for this study based on earlier investigations [3]. Figure 

2 shows a recent phase diagram of the Nb-Si system [12]. Hypo-eutectic compositions in this 

alloy system are examples of in-situ ductile phase toughened composites which are materials that 

solidify as a mixture of a brittle intermetallic matrix phase (Nb5Si3) with a distributed terminal 

metallic phase (Nb). Consider Nb-10 a/o Si, a typical alloy in this composition range. Upon 

slow cooling this alloy from the liquid state, pro-eutectic or primary Nb dendrites are the first 

to solidify, followed by a eutectic reaction occurs at 1920°C, forming Nb3Si and eutectic or 
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secondary Nb phases. The Nb3Si intermetallic compound decomposes by a eutectoid reaction to 

Nb+Nb5Si3 at 1770°C. At equilibrium, the phases present at room temperature in the Nb-10 a/o 

Si alloy are a hard silicide (Nb5Si3) phase and the terminal metallic Nb phase. However, the 

eutectoid reaction is extremely sluggish [13], and under the cooling rates observed in casting, 

this reaction is suppressed and the Nb3Si phase is observed at room temperature. 

In any ductile phase toughened system, the distribution and morphology of the ductile 

phase play significant roles in determining the increase in toughness. Previous studies had 

suggested that some of the hypoeutectic Nb-Si alloys can be extruded at temperatures above 

1450°C[3]. The extruded material showed considerably higher fracture toughness than the cast 

alloy. This study uses Nb-10 a/o Si as a model material to study the affect of thermomechanical 

processing on the microstructure, strength and fracture toughness of in-situ ductile phase 

toughened systems. 

This final report brings together the results of the last year of the project and important 

results of previous years' work. The report has been written in the form of a paper, and will be 

submitted, with minor modifications, for peer review and publication. Details on many aspects, 

not specifically included in this report, can be found in prior reports, Masters' theses, and article 

preprints and reprints, which have been submitted during the course of the project. 



MATERIALS AND EXPERIMENTAL PROCEDURE 

Two compositions of Nb-Si alloys were selected for this study. A hypoeutectic 

composition, Nb-10 a/o Si, representing a ductile phase toughened composite, and the eutectic 

composition, Nb-18.7 a/o Si, representing the matrix in the Nb-10 a/o alloy. Ingots of these 

nominal compositions were prepared by arc melting a master alloy in a water cooled copper 

crucible. The master alloy was prepared from double arc melted high purity Nb and electronic 

grade Si. The ingots were cooled in a controlled manner from the melt to minimize cracking. 

Chemical analysis revealed that the silicon content in the Nb-10 a/o Si ingots was 9.08 a/o, about 

1 a/o less than the desired Si level. The carbon content varied from 0.10 to 0.2 a/o, and the O 

and N levels and they were found to be about 0.081 and 0.0465 a/o respectively. 

Billets machined from the cast ingots were canned in molybdenum and extruded at 

1800°C. The molybdenum can was removed, and some of the extruded material was re-canned 

and re-extruded at 1750°C. A nominal extrusion ratio of 4:1 was used for all extrusions, and a 

slow cooling was adopted after extrusion by placing the extruded material in a bed of insulating 

material. The conditions for hot extrusion were determined based on processing maps developed 

for the alloy [14]. Figure 3 is a summary of the processing maps, showing the boundary in the 

temperature-strain rate regime above which uniform deformation of the alloy was obtained during 

uniaxial compression. 

In the as-cast condition (AC or I-Gen.), the microstructure consists of large primary Nb 

dendrites (light phase) in a continuous brittle Nb3Si matrix (dark phase), as seen in Figure 4(a). 

The eutectic, or secondary Nb phase is present as particles distributed in the Nb3Si matrix. Each 

primary Nb dendrite is a single large grain, as no high angle grain boundaries were observed in 

them. High angle grain boundaries were present in the Nb3Si phase. The location of these grain 

boundaries, indicated by cusps along the Nb/Nb3Si boundary seen in the SEM micrograph, was 

confirmed by TEM [15]. Following extrusion with a 4:1 area reduction at 1800°C both the 

primary Nb dendrites and Nb3Si phase are elongated and aligned in the extrusion direction (Fig 

4(b)). The secondary Nb particles were not significantly affected by the extrusion. Varying 

contrast in the primary Nb phase caused by electron channeling indicates recrystallized Nb grains 

at different orientations.  Energy dispersive x-ray analysis revealed that the suicide phase had a 
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composition of 75 a/o Nb and 25 a/o Si. Eutectoid decomposition of Nb3Si, therefore, had not 

occurred after extrusion. TEM observations revealed that the Nb3Si phase had also recrystallized 

[16]. After re-extrusion at 1750°C the primary Nb particles are further elongated, oriented, and 

aligned in the extrusion direction (Fig. 4(c)). Again, the suicide phase was determined to be 

Nb3Si. Further grain refinement was observed in both the Nb and Nb3Si phases. Table I and 

Figure 5 summarize the quantitative microstructural parameters for the different generations of 

the alloy. There is a decrease in the grain size of both Nb and Nb3Si phases, as well as a 

decrease in the particle size and inter particle spacing of the primary Nb phase perpendicular to 

the extrusion direction and in increase in the aspect ratio of the primary Nb phase particles [17]. 

Some of the specimens were vacuum annealed (10"6 torr ) at 1450°C for 25 hours to 

transform the metastable Nb3Si to the stable Nb5Si3 phase. In all the annealed specimens, almost 

complete decomposition of Nb3Si to Nb5Si3 and Nb had occurred. Figures 6 (a) and (b) show 

the microstructure of the once and twice extruded materials after heat treatment (El+HT and 

E2+HT). The black phase is Nb5Si3, while the lighter phase is Nb. Due to deposition of Nb 

during the eutectoid decomposition, both the pro-eutectic (primary) and eutectic (secondary) Nb 

particles appear to have coarsened. 

Notched 4-point bending specimens of nominal dimensions 5 mm (t) x 10 mm (w) x 45 

mm (L) were made by EDM from the as-cast and extruded billets to evaluate the fracture 

toughness. A notch of 5 mm in length and 0.2 mm in thickness was machined by EDM wire in 

all the fracture toughness specimens. Since the notch tip was rounded, and not the V-shaped and 

pre-cracked by fatigue, required by ASTM Standard E399 [18], the results of tests on these 

specimens are reported as KQ and not KIC. Smooth 3-point bend specimens of dimensions 3 mm 

(t) X 4 mm (h) X 45 mm (L) were also made by EDM. The specimens made by EDM were 

ground to the specifications recommended by the  MIL-STD-1942 [19]. 

Bend test jigs were made out of stainless steel and TZM for room temperature and high 

temperature tests, respectively. Fracture toughness was determined using four point bend tests, 

and fracture and yield strengths were determined using three point bend tests. Test were 

conducted at a constant speed of 0.254 mm/min (0.01" /min) over the temperature range of 25° 

to 1200°C. The peak load or the fracture load or the yield load was determined from the load- 

stroke data which was recorded on a digital storage oscilloscope.  This measured load was then 



used in the appropriate equation specified by MIL-STD-1942 (MR) or ASTM standard E399 to 

calculate the fracture toughness (KQ) or bend strength (o> or ay). Bend strength was calculated 

using the equation : 

3PL 

2bh2 (1) 

where a is the yield strength (ay) or fracture strength (af); P is the load at yield (Py) or fracture 

(Pf); L is the load span; b is the specimen thickness; and h is the specimen height. Yield strength 

was calculated from the load at which the load-displacement curve deviated from a straight line, 

and fracture strength was determined from the load at which the specimen failed. Under certain 

test conditions, 3-point bend specimens, rather than undergoing fracture, deformed to an extent 

that their ends would come in contact with the jig and thus loading the jig. No fracture stress 

was recorded for such tests. 

The fracture toughness KQ was calculated using the following equation [20]. 

K   = 6Mall2
f(a^ 

bwx w 
(2) 

where, M is the applied bending moment at fracture and is given by (PL/2); P is the load at 

fracture; L is the load span; a is the notch length; b is the specimen thickness; w is the specimen 

width; and, f(a/w) is given by 

/ 1.99'-2.47 <a^ 
\w_ 

+12.97 'a* 
XW; 

-23.171 +24.8 
W4 

w 
(3) 



RESULTS AND DISCUSSION 

Three Point Bend Strength Tests 

Smooth bend bars prepared from all three conditions i.e., AC, El and E2 of the alloy were 

tested on a three point bending jig at different temperatures ranging from 25° to 1200°C. The 

measured yield and fracture stresses at all the conditions tested are listed in Table II. Figure 7 

shows the bend strength of Nb-Nb3Si composite as a function of temperature. At room 

temperature, fracture stress (af) values are reported since very little plasticity was observed. Only 

yield stress values are plotted at all other temperatures. All three generations (AC, El and E2) 

of Nb-10 a/o Si alloy in the Nb + Nb3Si condition failed in a brittle manner at room temperature. 

The fracture strength increased from 334 MPa in the as-cast condition to 795 MPa in the El 

condition and further to 1344 MPa in the E2 condition. The strength of the alloy generally 

decreases with increasing temperature. Nb-10 a/o Si alloy under all thermomechanical conditions 

(AC, El, E2) exhibited appreciable plastic deformation at 1000°C and 1200°C. The as-cast 

specimens at those temperatures yielded and then underwent fracture. Whereas specimens of the 

El and E2 material continued to bend without fracture until they had bent to such an extent that 

their ends came in contact with the jig. 

Figure 8 shows the 3 pt. bending strength of Nb-10 a/o Si alloy in the heat treated 

condition. The fracture stresses measured for the El and E2 material at this condition were 512 

and 806 MPa, respectively, and the corresponding yield stress values were 700 and 1188 MPa. 

Specimens of El+HT and E2+HT materials did not fail above room temperature. Again, the 

bend strength was generally observed to decrease with increase in temperature for both El+HT 

and E2+HT materials. It can be observed that the Nb-10 a/o Si alloy with the metastable Nb3Si 

phase matrix has higher bending strength than the composite with the stable Nb5Si3 phase matrix, 

except for the re-extruded material tested at 1200°C. 

Four Point Fracture Toughness Test 

Fracture toughness was evaluated by bending a notched specimen in a four point bending 

6 



jig at different temperatures ranging from 25° to 1200°C. Since a non-standard notch geometry 

was used for these tests, the reported values are KQ and not KIC. Table III and Figure 9 present 

the experimental fracture toughness values for the various testing conditions. At room 

temperature, the fracture toughness KQ of the Nb-10 a/o Si alloy in the AC condition was 

measured to be in the range of 11 to 15 MPav'm. Upon extrusion (El) this value increases to 

21.4 MPaVm, and after re-extrusion (E2), the fracture toughness increases further to 27.0 

MPaVm. With increasing temperature, there is an increase in fracture toughness of all conditions 

of the alloy up to 1000°C, beyond which the fracture toughness drops off. The increase in 

toughness with temperature is attributed to an increase in ductility of both Nb and silicide phases. 

The drop in toughness at 1200°C is due to a significant decrease in the strength of the alloy. The 

highest measured fracture toughness was for the E2 material at 1000°C. Fracture toughness 

values of Nb-10 a/o Si in the heat treated condition (Nb5Si3 matrix) are presented in Figure 10. 

Here again the alloy in E2+HT condition offers the highest fracture toughness when compared 

to El+HT and AC+HT. A KQ value of 25 MPaVm was measured for the E2+HT material at 

room temperature. The fracture toughness decreases above 1000°C in a manner similar to the 

Nb + Nb3Si composite. Finally, the as-cast and the extruded composites with Nb3Si phase matrix 

(AC, El and E2) have greater fracture toughness values than the AC+HT, El+HT, and E2+HT 

composites with Nb5Si3 matrix. 

Figure 11 summarizes the effect of thermomechanical processing on both fracture 

toughness and bend strength. This figure shows that at all temperatures, fracture toughness 

increases linearly with bend strength. At room temperature a change in fracture toughness from 

about 13 to 27 MPaVm for the Nb+Nb3Si composite is associated with a large change in strength 

from about 334 to 1344 MPa. At 1000°C, a change in yield strength from 356 to 638 MPa is 

associated with a much larger change in fracture toughness from about 18.8 to 49.1 MPav^m. 

At 1200°C also, small changes in strength result in large changes in fracture toughness. 

Fractography 

A small area of the fracture surface of the as-cast material is shown in Figure 12. The 

fracture surface is essentially flat and the crack appears to have swept through this area causing 



brittle cleavage fracture of most of the large primary Nb particles and the silicide Nb3Si matrix. 

There are few primary Nb particles which have undergone ductile fracture. Extensive river 

patterns or ridge markings are observed in the primary Nb particles. Figure 13 shows an example 

of a crack passing through the silicide between two primary Nb particles. In general, the silicide 

matrix (Nb3Si) does not show river patterns on their fracture surfaces. However, a few 

microcracks are observed in the silicide matrix. The fine speckle pattern seen in the Nb3Si phase 

is due to the secondary or eutectic Nb particles which have undergone ductile failure and have 

been pulled to "knife edges." 

A small area of the fracture surface in the twice extruded (E2) material tested at room 

temperature is shown in Figure 14. This fractograph clearly reveals that the fracture surface is 

not flat and the crack appears to have changed its path many times, since the fractured Nb 

particles do not appear to be in the same orientation. A number of microcracks can be seen in 

the silicide phase. In addition, a large number of Nb particles have undergone ductile fracture 

after removal of constraints either by debonding from the matrix. These particles typically 

exhibit a dimpled surface, as shown in Figure 15. 

Bend Strength 

Thermomechanical processing of the Nb-10 a/o Si alloy results in changes in the 

morphology of the Nb and Nb3Si phases. In conjunction with these changes is an increase in the 

bend strength of the alloy. If the law of mixtures (equal strain hypothesis) is applicable to this 

in-situ composite, the strength of the composite can be expressed as: 

°c   = JNb°Nb  + JNb3Si°NbjSi v*) 

where f^ and fNb3Si are the volume fractions, and <zm and a^ Si are the yield or fracture strengths 

of the two phases. At room temperature, the tensile strength of Nb is approximately 275 MPa 

[21], and for this alloy, with fNb= 0.68, the strength in the twice extruded condition is 1344 MPa. 

Therefore, though the Nb phase makes up the majority of the volume of the composite, its 

contribution to the strength is less than 15%. At elevated temperatures, the strength contribution 

of the Nb decreases further. At 1200°C, the strength of Nb phase is less than 40 MPa [21], and 
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provides only about 5% of the strength of the composite. With the major contribution to 

composite strength coming from the Nb3Si phase, one can expect that the changes in the strength 

of the composite will be most significantly affected by factors affecting the strength of the Nb3Si 

phase. Theories based on dislocation density predict that the strength of alloys increases with 

decreasing grain size. 

o = oQ + Kd'n (5) 

where the exponent n has values between 1/2 and 1. One commonly observed relationship is the 

Hall-Petch relationship [22] where n = 1/2. 

In the case of the Nb-10 a/o Si composite, the strength can be modeled as the following 

function of the grain size in the Nb3Si phase: 

°c ~ fm3si(°oNb.Si
+Km2si dNbzsl} (6) b3Si 

where <rc is the fracture strength at room temperature or yield strength at elevated temperature. 

Figure 16 shows that the strength of this composite can be modeled as a function of the grain size 

in the Nb3Si phase with n = 0.75. 

The data in Tables I and II show that the strength of the composite also increases with 

decreasing Nb grain size. But since the contribution of the Nb phase to the strength of the 

composite is small, this effect is probably only coincidental. 

Figure 17 shows a comparison of the strength of Nb-10 a/o Si and Nb-18.7 a/o Si alloys 

in the El condition. The Nb-18.7 a/o Si alloy has the eutectic composition, and forms the matrix 

of the Nb-10 a/o Si alloy. At room temperature, the Nb-18.7 a/o Si alloy has a fracture strength 

of almost 2200 MPa, showing that the continuous Nb3Si is extremely strong. The Nb-10 a/o Si 

alloy has, in addition to the eutectic matrix, about 47 vol. percent of primary Nb particles. Since 

the Nb phase is considerably softer than the Nb3Si phase, the strength of the Nb-10 a/o Si is less 

than that of the Nb-18.7 a/o Si alloy. 



Fracture Toughness 

The fracture toughness of a material is a measure of the energy required to fracture an 

alloy. The strain energy release rate C,R during fracture is related to the fracture toughness KQ 

through the equation 

R       E 

For a given specimen, notch, and loading geometry, the fracture toughness KQ is  given by 

K0 = a . v/üä ./ — 
[w) 

(8) 

where a is the average stress on the cross section of the specimen at fracture, a is the notch 

length andf(a/w) is the geometry parameter given in Eq. 3. For a given specimen, notch, and 

loading geometry, Eq. 8 indicates that the fracture toughness increases linearly with the applied 

stress at fracture. This behavior is contrary to the general experience with metals and alloys in 

which increases toughness are associated with decreases in strength. However, in ceramics and 

other materials with limited ductility increases in toughness and strength are directly related [23]. 

Figure 18 shows the load, normalized by the cross-sectional area of the test specimen, 

versus displacement curves for four-point bend tests on the AC, El, and E2 materials at room 

temperature. As the normalized load to fracture increases, the area under the load-displacement 

curve, which is the normalized work required to fracture the specimen, also increases, i.e., the 

toughness of the material is higher. This result shows that the microstructural modifications due 

to thermomechanical processing have resulted in an increase in the total work of fracture, and a 

concomitant increase in the fracture toughness KQ. Figure 11 shows the relationship between KQ 

and the bending strength for the various microstructural modifications of Nb-10 a/o Si alloy. 

At each temperature, there is a linear trend between the two properties. The slope of the trend 

lines decreases with increasing temperature, indicating that small increases in strength at an 

elevated temperature results in significant toughness increases. These observations can be 

explained as follows: 

10 



The strain energy release rate during fracture C,R, can be considered to be made up of 

several factors: 

K 2 e € 

C* = -f = 2{Ws+Wdb
+W

mc] + Af^e = 2WF+Afode (9) 
o o 

where, Ws is the energy required to create the primary fracture surface; Wdb is the energy spent 

in debonding around the primary Nb particle; and Wmc is the energy spent in causing 

microcracking in the silicide matrix. These three energy terms have been combined into a single 

term, WF, the work of fracture. The last term is the energy required to plastically deform the 

ductile Nb phase, i.e., the ductile phase toughening term. In brittle materials, cracks will 

propagate if the elastic strain energy released during crack propagation becomes equal to the 

energy required to create the fracture surfaces [22]. If the energy required to extend a crack, the 

strain energy release rate, is increased, the fracture toughness of the material increases. 

Therefore, in simple terms, increases in any of the energy terms in Eq. 9 result in an increase in 

the fracture toughness of a composite. For example, during crack propagation, if the crack tip 

meanders or branches, the energy required to create the fracture surface Ws increases. Similarly, 

the debonding at interfaces between phases in a composite, and the formation of secondary 

microcracks in the matrix expend energy (Wdb and Wmc), thereby increasing the toughness of the 

composite [24]. The work of fracture term, WF, accounts for the mechanisms used in toughening 

ceramics and ceramic-ceramic composites. 

In a ductile phase toughened system, in addition to the work of fracture, the work of 

deformation of the ductile phase adds to the energy required for crack propagation, resulting in 

an increase in the fracture toughness. Figure 19 shows a comparison of the fracture toughness 

of the Nb-18.7 a/o Si alloy, which has a continuous matrix of Nb3Si, and that of the Nb-10 a/o 

Si alloy, which has about 47 vol. % of ductile Nb distributed in a matrix of composition Nb-18.7 

a/o Si. The addition of the ductile phase to the brittle matrix increases the fracture toughness of 

the Nb-Nb3Si composite. 

The work of deformation depends upon the flow stress, strain to failure and volume 

fraction of the deforming ductile phase [6-10].   Extensive debonding and ductile stretching 
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increases the work of deformation. The morphology and distribution of the ductile phase plays 

a significant role in determining the amount ductile work. If a given volume fraction of ductile 

phase is distributed as a large number of small particles in the matrix, the probability that a 

particle will intercept a crack increases. However, if the particle is very tightly bonded to the 

matrix, the amount of deformation the particle can undergo is limited. A very loosely bonded 

particle will just separate from the matrix and undergo no plastic deformation. A large particle 

which partly debonds from the matrix provides the best ductile phase toughening characteristics 

[6-10]. For a given volume fraction of the ductile phase, the optimal distribution of ductile 

particles would require that there be a sufficient number to increase the probability of crack 

interception, while maintaining a size large enough to undergo plastic deformation. The interface 

between the ductile phase particles and the brittle matrix should be weak enough to allow 

sufficient, but not complete debonding. 

Effect of Nb Morphology and Grain Size 

Figures 20 (a), (b), and (c) show regions of the fracture surface of a notched four-point 

bend specimen of the as-cast Nb-10 a/o Si alloy tested at room temperature. This specimen 

exhibited a fracture toughness of 11.3 MPaVm. Figures 20(a) and (b) show primary Nb particles, 

approximately 20 um in size, which have debonded and undergone ductile failure. The interface 

between the Nb and Nb3Si phases shows that the Nb3Si phase cracked resulting in the debonding. 

Figure 20(c) shows another primary Nb particle, much larger in size (>100 um) which intercepted 

a crack, debonded from the Nb3Si phase, yet failed in a brittle manner. Bearing in mind that the 

primary Nb particles are essentially single grained, the fracture mode of the Nb phase depends 

not only on the extent of debonding, but also on the size and the crystallographic orientation of 

the particle with respect to the applied stress. 

Figures 21(a) and (b) show regions of the fracture surface a specimen of the twice 

extruded (E2) material tested at room temperature. This specimen had a fracture toughness of 

27 MPa\/m. Figure 21(a) shows that the Nb3Si matrix has cracked around an Nb particle, and 

that the particle exhibits a dimpled ductile failure mode. The number of particles that underwent 
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debonding and ductile failure is greater in the E2 material than in the AC material. This is 

probably because multiple hot extrusion of the material has affected the primary Nb / Nb3Si 

interface. The extrusion of the Nb-10 a/o Si composite requires the simultaneous deformation 

of both the hard Nb3Si phase and the metallic Nb phase. After extrusion there is a large density 

of dislocations piled up against the Nb / Nb3Si interfaces [16]. This probably aided in debonding 

at the interface under stress. 

Figure 21(b) shows fracture mode that was observed in the E2 material, but not in the AC 

material. A polycrystalline primary Nb particle has undergone fracture. The particle is strongly 

bonded to the silicide matrix. Due to the constraints placed by this strong bonding, the different 

grains in the particle begin to fail by cleavage. This releases the constraints imposed by the 

matrix. The grains are now able to undergo plastic deformation and ductile failure, which 

manifests itself as deep ductile ridges along the grain boundaries. These ductile steps are regions 

where considerable plastic deformation has occurred. 

At room temperature, only about 15% of the primary Nb particles in the as-cast material 

(AC) undergo debonding and ductile failure, while the majority of particle cleave. In the twice 

extruded material (E2) the volume fraction of the primary Nb particles that have undergone 

ductile failure increases to approximately 35%. 

Effect of Matrix Nb?Si and Secondary Nb phases 

Figure 21(c) shows the fractured Nb3Si phase of the E2 material. The fracture surface is 

not flat, and appears facetted, with the size of the facets equal to the grain size of the Nb3Si 

phase. Secondary Nb particles, seen distributed along the grain boundaries of the Nb3Si phase, 

have not debonded from the matrix. However, because of their small size they all have failed 

in a ductile manner, pulling to "knife edges" upon fracture. A similar fracture behavior of the 

Nb3Si and secondary Nb phases was observed in the El material also. In the as-cast material, 

the secondary Nb particles undergo ductile failure, as in the El and E2 materials, but since the 

Nb3Si grain size is considerably larger, the fracture surface was observed to be flat and un- 

facetted. This indicates that during the fracture of both El and E2 materials, while a crack is 

propagating through the silicide phase, the crack tip changes direction as it moves from one grain 
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to the next, resulting in an increase in the fracture surface area.   This increase in surface area 

probably contributed to some increase in the fracture toughness, through the term Ws in Eq. 9. 

Effect of Temperature 

At low temperatures, there is little plastic deformation of the ductile phase, i.e., s in Eq. 

9 is small. The strain energy release rate C,R and the fracture toughness KQ are affected most by 

WF. Significant changes in the bend strength are therefore observed for small changes in Kg. 

As temperature is increased, the strength of the composite decreases, but more ductile 

deformation is observed in the Nb particles. The plastic deformation energy term, therefore, 

plays a more significant role in the fracture toughness of the material, and, even small changes 

in the strength result in significant changes in the fracture toughness. 

A small area of the fracture surface of the re-extruded material tested at 1000°C is shown 

in Figure 22. It is clear that almost all the primary Nb phase have undergone a ductile fracture. 

The cleavage fracture of primary Nb particles observed earlier in the as-cast and re-extruded 

condition at room temperature is not observed here. Extensive micro-cracking is observed in the 

Nb3Si matrix, indicating that the matrix is still behaving in a brittle manner, as shown in Figure 

23. The primary as well as the secondary Nb particles have undergone high degree of plastic 

deformation, being stretched to a wedge or chisel shape. So, the contribution to the fracture 

toughness from the plastic work is very significant, at high temperatures for the re-extruded 

material. 

Ductile Phase Toughening in Nb-10 a/o Si in-situ composite 

Toughening of this composite is clearly not achieved by one energy absorption 

mechanism. Rather, several mechanisms including crack bridging, crack deflection, crack 

blunting, micro-crack toughening, etc., contribute to the toughness of this composite. However, 

quantifying the contribution of each individual mechanism is difficult to assess. Assuming ductile 

phase crack bridging is the major contributor to the improvements in fracture toughness of the 

alloy at room temperature, then the fracture toughness of the composite Kc can be expressed as 
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[25,26]: 

11/2 

Kc 

EcL KJ C  m    "   +lfdEcodad 
E

m m 

(10) 

where K,,, is the fracture toughness of the matrix; Ec is the elastic modulus of the Nb+Nb3Si 

composite; Em is the elastic modulus of the Nb3Si matrix phase; fm and fd are the volume 

fractions of the matrix and ductile phases, respectively; ad and ad are the yield strength and the 

radius of the ductile phase; and % is the normalized work of rupture of the ductile particle 

undergoing deformation and fracture while being constrained by the elastic matrix. 

The parameter % can be considered to be a measure of ductile phase toughening. Higher 

values of % mean that the ductile phase has caused an increase in fracture toughness of the 

composite by crack bridging. The parameter is related to the area under the load extension curve 

for a ductile phase deforming to failure.  Therefore, % can be expressed as: 

_     C       Em
Jm  m (11) 

/A°A 

In Nb-10 a/o Si in-situ composite system, the fracture toughness is observed to increase 

significantly, from about 11 to 27 MPaVm, with thermomechanical processing. Based on these 

measurements and on microstructural observations, the work of rupture parameter % was 

calculated for the AC, El and E2 materials tested at room temperature, as shown in the appendix. 

As shown in the previous section, though the Nb particles are supposed to be ductile, 

many Nb particles undergo cleavage fracture. The number of primary Nb particles that were 

brittle decreases in order from the AC to the El and the E2 conditions. The fraction of primary 

Nb particles that were ductile was approximately 0.15 for the AC, 0.25 for the El, and 0.35 for 

the E2 materials. Clearly, the decrease in primary Nb particle size with extrusions is associated 

with an increase in the number of particles that failed in a ductile manner. Also, the number of 

Nb particles that were pulled out from the matrix in E2 condition is larger that in as-cast material. 

This may be due to a higher degree of constraint imposed by the matrix in AC condition than 
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in E2 condition. The size of secondary Nb particles formed during the eutectic transformation 

does not undergo significant changes due to TMP, and is assumed to be ljum. All of the 

secondary Nb particles, representing about 10% of the volume of the alloy, behave in a ductile 

manner in all three conditions. The total volume fraction of the ductile phase in the composite, 

fd, is the sum of the volume fraction of the secondary Nb and the volume fraction of the ductile 

primary Nb, and the radius of the ductile phase, ad, is the weighted average of the radii of the 

ductile primary Nb particles and the secondary Nb particles. The normalized work of rupture 

parameter, %, calculated for each of the thermomechanical condition is shown in Table IV. 

The value of % is system specific and strongly depends on the geometric constraint and 

the interface between the ductile phase and the brittle matrix. Though the volume fraction of Nb 

phase is about 0.7 in Nb-10 a/o Si alloy, the low % value of 1.11 for as-cast condition reveals 

that metallic Nb phase is providing little toughening of the alloy. After thermomechanical 

processing, larger volume fractions of the primary Nb phase become ductile. Correspondingly, 

the values of % and KQ increase. Many composites which in ductile phase toughening is effective 

have % values in excess of 4 [27]. As can be seen from Table VI, work of rupture parameter for 

the Nb-10 a/o Si system exceeds this value only after two hot extrusions. 

The change the normalized work of rupture parameter % can be correlated to the 

accompanying microstructural features in the following manner. In the as-cast condition, the 

primary Nb particles are single grains. Recrystallization that occurs during successive extrusion 

steps changes the single grain Nb particles to a fine polygrain structure, with each step reducing 

both grain size and the particle intercept size length perpendicular to the extrusion direction. 

Figure 24 shows the effect of TMP on the work of rupture parameter % and the number of grains 

N per primary Nb particle on a plane perpendicular to the extrusion direction, where N is defined 

as: 

N = 
\dm) 

2 
(12) 

where, D^ is the mean intercept size of primary Nb particles perpendicular to the extrusion 

direction, and dNb is the grain size of primary Nb phase. 
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These results clearly demonstrate that the mechanical behavior of a refractory metal 

based composite, such as Nb-10 a/o Si alloy, can be improved considerably by tailoring the 

microstructure through TMP. This desired microstructure consists of a fine grain silicide matrix 

reinforced with polygrain Nb particles which are elongated, oriented and aligned in a direction 

transverse to crack propagation. The powder processing route can achieve a fine grain structure 

which would exhibit high strength. But, significant improvements in fracture toughness would 

probably not be possible because factors such as the elongation, alignment, and orientation of the 

ductile reinforcement phase are critical and provide additional energy absorption mechanisms such 

as pull-out, interface sliding, and crack bridging. 

The Directional Solidification (DS) process can produce a composite with reinforcing 

phase particles of specific size, spacing, and orientation. However, in the DS material both the 

matrix and the ductile particles have single grain structures, which are prone to cleavage. 

Therefore, thermomechanical processing by hot extrusion of a DS material will result in a fine 

grained oriented ductile phase toughened in-situ composite with optimum mechanical properties. 
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SUMMARY AND CONCLUSIONS 

1. Nb-10 a/o Si is an in-situ composite consisting of a brittle Nb3Si matrix and a ductile Nb 

phase. Tailoring of the microstructure by multiple hot extrusion results the refinement, 

alignment and orientation of both Nb and Nb3Si phases in the extrusion direction. 

2. The fracture toughness and bend strength of the alloy in the as-cast (AC), once-extruded 

(El) and twice-extruded (E2) conditions were evaluated at temperatures in the range of 

25° to 1200°C. In the E2 condition, the room temperature fracture toughness of the alloy 

was about 27 MPaVin, and the strength of the alloy was in excess of 625 MPa at 1000°C, 

which compares well with nickel base superalloys, such as PWA 1480. 

3. The fracture toughness of Nb-10 a/o Si alloy in the stable Nb5Si3+Nb condition showed 

a similar changes with processing as the meta-stable Nb3Si+Nb composite. However at 

temperatures below 1200°C, Nb3Si+Nb composite showed consistently better properties 

than the Nb5Si3+Nb. 

4. Fractography of the Nb-10 a/o Si alloy in the as-cast condition revealed that the fracture 

surface was flat and most of the primary Nb particles had failed by cleavage. Only about 

15% of all the primary Nb particles failed in a ductile manner. In the re-extruded 

condition the fracture surface is not flat, and about 35% of the primary Nb particles 

underwent ductile fracture. An additional mode of fracture involving the formation of 

ductile ridges in the primary Nb particles was observed. The fracture mode of the silicide 

matrix in the re-extruded material appeared to be the same as that of the as-cast material, 

essentially exhibiting a flat cleavage fracture. More micro-cracks were observed in the 

silicide matrix of the re-extruded material. The secondary Nb particles had experienced 

a high degree of ductile phase toughening stretching to a wedge or chisel  shape. 

5. The degree of ductile phase toughening resulting from TMP of the Nb-10 a/o Si alloy, 

was characterized by the normalized work of rupture parameter x- The value of x was 

found to increase from 1.11 for the as-cast material to 3.13 for extruded (El) material and 
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then to 8.87 for the re-extruded (E2) material. The normalized work of rupture (x) 

parameter was related to the number of grains per primary Nb particle on a plane 

perpendicular to the extrusion direction. 

The optimum microstructure of a ductile phase toughened in-situ composite is elongated 

poly crystalline particles of the ductile phase distributed in a fine grained matrix. Multiple 

hot extrusion of a cast in-situ composite can tailor this microstructure. Another 

recommended processing sequence is the directionally solidify (DS) the two phase 

composite to initially create ductile phase particles aligned in a suitable direction, and then 

thermomechanically process the DS cast structure, by a process such as hot extrusion, to 

produce the fine grained, oriented microstructure. 
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Table I: 

Microstructural 
Parameter 

Mean Intercept 
length of 
Primary Nb, D^ 

Grain size of 
Primary Nb, d^ 

Aspect ratio of 
Primary Nb, ^ 

Interparticle spacing  14 pm 
Primary Nb, X^ 

Grain size of 
Nb3Si phase, dmsi     18 /im 

Evolution     of    Microstructural    Parameters     during 
Thermomechanical Processing of Nb-10 a/o Si alloy 

As-Cast 
Condition (AC) 

20 (im ' 

20 fim 

Once-Extruded 
Condition (El) 

16 /*m * 

11 /*m 

11 ^m 

5 fj.m 

Twice-Extruded 
Condition (E2) 

11 /xm * 

6 pm 

14 

6 fim 

2 [xm 

* Measured for all orientations 
# Measured perpendicular to extrusion direction 
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Table H : Bending Strength of Nb-10 Si a/o Alloy 

Thermomechanical Test Oy (MPa) or (MPa) 
Condition Temp.( °C) 

As Cast -Nb+NbjSi 25 X 334 
(AC) 1000 356 484 

1200 289 435 

Extruded -Nb+NbjSi 25 X 795 
(El) 1000 445 668 

1200 365 + 

Re-extruded  -Nb+NbjSi 25 X 1344 
(E2) 560 1070 1438 

800 882 + 
1000 638 + 
1200 402 + 

Extruded -Nb+Nb£i3 25 512 700 
(El+HT) 1000 389 + 

1200 321 + 

Re-extruded  - Nb+Nb ßi 3 25 806 1188 
(E2+HT) 600 904 + 

1000 529 + 
1200 462 + 

Note: 

+        indicates specimens that did not fail, but bottomed out. 
x         indicates specimens that failed in a brittle manner. 
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Table m : Fracture toughness of Nb-10 a/o Si alloy 

Thermo-mechanical 
Condition 

Temperature 
(°Q 

KQ 

MPavm 

As-Cast -Nb+Nb^Si 
(AC) 

25 
1000 
1200 

11 to 15 
18.8 
17.5 

Extruded   -Nb+Nb^i 
(El) 

25 
600 
1000 
1200 

21.4 
32.8 
29.4 
27.7 

Extruded   -Nb+Nb^Si3 
(El+HT) 

25 
1000 
1200 

21.0 
22.0 
19.6 

Re-extruded     - Nb+Nb ßi 
(E2) 

Re-extruded     - Nb+Nb £i 3 
(E2 + HT) 

25 
600 
1000 
1200 

25 
1000 
1200 

27.0 
35.5 
49.1 
47.4 

25.1 
28.0 
25.3 
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Table IV : Normalized work of rupture V calculation for Nb-10 a/o Si alloy 

Ec = 178 GPa Ej» = 400 GPa <rd = 400 MPa 
K,,, = 3 MPaVm       fm = 0.4 

Thermo-mechanical 
Condition 

Kc 
MPav'm 

U a.. X 

As-cast-Nb+Nb3Si 
(AC -1 Gen.) 

11.3 0.25 6.4 1.11 

Extruded -Nb+Nb3Si 
(El - II Gen.) 

21.4 0.35 5.86 3.13 

Re-extruded -Nb+Nb3Si 
(E2 - m Gen.) 

27.0 0.45 2.56 8.87 
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Appendix 

Calculation of the ductile phase toughening parameter  x 

The   parameter    x  can   be   considered    to   be   a   measure    of   toughness    increase 

provided by ductile phase crack bridging, and can be expressed as, 

■p 

c       EJmm (13) n x = 
fßcafid 

The elastic modulus of the composite, E 0 was determined from the slope of the load versus 

time plot obtained from a three-point bend test on the Nb-10 a/o Si composite. The value 

of Ec = 178 GPa compares well with the value of 195 GPa previously reported [26]. The 

elastic modulus of the matrix Nb^Si, E,,» was determined from the slope of the load-time 

plot of a three-point bend test on the eutectic Nb-18.7a/o Si alloy, suitably adjusted for the 

volume fraction of the Nb ^Si phase. The value obtained for E m was about 400 GPa. Values 

of 3 MPaVm and 400 MPa used for Kmand cd were the same as in previous studies [25]. 

The radius of the ductile phase particles was taken as the weighted average of the radius 

ductile primary Nb particles and that of the secondary Nb particles. All the secondary Nb 

particles, of radius 0.1 jon, representing 13 vol% of the composite, were assumed to be 

ductile. Only some of the primary Nb particles failed in a ductile manner. This volume 

fraction was estimated as 15%, 25% and 35% in the AC, El, and E2 conditions, respectively 

at room temperature. The size of the primary Nb particles perpendicular to the extrusion 

axis was used as the radius of these particles. This radius was 10,7.8, and 3 jum in the AC, 

El and E2 materials, respectively. Experimentally measured values of the fracture 

toughness of the composite, Kcwere used in the above equation to determine the values of 

X presented in Table IV. 
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Figure 2:        Phase diagram of the Nb-Si system. 
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Processing maps for the Nb-10 a/o Si alloy in the as-cast (AC), once-extruded 
(El), and twice-extruded (E2) conditions. 
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Figure 4: Microstructure of the Nb-10 a/o Si alloy in the (a) as-cast (AC), (b) once- 
extruded (El), and, (c) twice-extruded (E2) conditions.   The dark phase is 
Nb3Si, and the light phase is Nb. 
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Figure 6:        Microstructure of the Nb-10 a/o Si alloy in the (a)  once-extruded and heat 
treated (El+HT), and, (b) twice-extruded and heat treated (E2+HT) conditions. 
The black phase is Nb5Si3, and the light phase is Nb. 
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Figure 7. Variation of bend strength of the Nb-10 a/o Si alloy with temperature in the as- 
cast (AC), once-extruded (El), and twice-extruded (E2) conditions. 
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Figure 8: 

600 800 

TEMPERATURE (°C) 

Variation of bend strength of the Nb-10 a/o Si alloy with temperature in the 
once-extruded and heat treated (El+HT) and twice-extruded and heat treated 
(E2+HT) conditions. 
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Variation of fracture toughness, Kg, of the Nb-10 a/o Si alloy with temperature 
in the as-cast (AC), once-extruded (El), and twice-extruded (E2) conditions. 
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Figure 10:       Variation of fracture toughness, KQ, of the Nb-10 a/o Si alloy with temperature 
in the once-extruded and heat treated (El+HT) and twice-extruded and heat 
treated (E2+HT) conditions. 
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Effect of thermomechanical processing on the bend strength and fracture 
toughness of the Nb-10 a/o Si alloy at different temperatures. 



Figure 12:       Fracture surface of a notched specimen of the as-cast (AC) Nb-10 a/o Si alloy 
tested in four-point bending at room temperature.  Most primary Nb particles 
have undergone cleavage failure. 
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Figure 13:       Micrograph showing two primary Nb particles and the Nb3Si matrix of the as- 
cast (AC) Nb-10 a/o Si alloy tested in four-point bending at room temperature. 
The Nb particles show the "river pattern" associated with cleavage fracture. 
The Nb3Si phase also exhibits brittle failure.  The fine white speckles in the 
Nb3Si phase are secondary Nb particles which have undergone ductile failure. 
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Figure 14:       Fracture surface of a notched specimen of the twice-extruded (E2) Nb-10 a/o Si 
alloy tested in four-point bending at room temperature.  Many primary Nb 
particles show regions of ductile deformation.  The Nb3Si matrix exhibits 
extensive microcracking. 
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Figure 15: 
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Micrograph showing debonding and ductile failure of a primary Nb particle on 
the fracture surface of a notched specimen of the twice-extruded (E2) Nb-10 
a/o Si alloy tested in four-point bending at room temperature. 
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Figure 16:       Variation of the bend strength of the Nb-10 a/o Si alloy with grain size in the 
Nb3Si phase at different temperatures. 
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Figure 17:       Comparison of the bending strength of Nb-10 a/o Si and Nb-18.7 a/o Si alloys 
in the El condition. 
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Figure 18:      Normalized load versus displacement curves from tests on notched specimen of 
the Nb-10 a/o Si alloy in the  as-cast (AC), once-extruded (El), and twice- 
extruded (E2) conditions tested in four-point bending at room temperature. 
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Figure 19: Comparison of the fracture toughness of Nb-10 a/o Si and Nb-18.7 a/o Si 
alloys in the El condition. 
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Figure 20:      rractograpns oi the"as-cast (AüJ1ND-1U a7o si anoy tested m'ioür-point 

bending at room temperature, (a) A primary Nb particle that has debonded 
from the Nb3Si matrix and undergone ductile failure,  (b) Dimpled fracture of a 
primary Nb particle and brittle fracture of the Nb3Si matrix at the interface, (c) 
Brittle fracture of a primary Nb particle in spite of debonding from the matrix. 
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Figure 21:      Fractographs of the twice-extruded (E2) Nb-10 a/o Si alloy tested in four-point 
bending at room temperature, (a) A primary Nb particle that has debonded 
from the Nb3Si matrix and undergone ductile failure, (b) A polycrystalline 
primary Nb particle which shows cleavage failure over a part of the grains, and 
ductile ridges along the grain boundaries. 
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Figure 21:       (c)  The ductile ridge exhibits dimpled failure,  (d) The Nb3Si matrix shows 
(cont.) facetted cleavage, and the secondary Nb particles have all been pulled to 

wedges. 
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Figure 22: Fracture surface of a notched specimen of the twice-extruded (E2) Nb-10 a/o Si 
alloy tested in four-point bending at 1000°C. All the primary Nb particles have 
failed in a ductile manner.  The Nb3Si matrix exhibits extensive microcracking. 
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Figure 23:       A region of the fracture surface shown in Figure 22.  The primary and 

secondary Nb particles have undergone ductile failure, while the Nb3Si matrix 
shown several microcracks. 
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Figure 24:       The work of rupture parameter % as a function of the number of grains per 
primary Nb particle. 


