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Abstract 

h 
The microhardness, and tensile and fracture-toughness properties of drop-cast and 

directionally-solidified Cr-9.25 at.% (atomic percent) Ta alloys have been investigated. 

Directional solidification was found to soften the alloy, which could be related to the 

development of equilibrium and aligned microstructures. It was observed that the tensile 

properties of the Cr-Ta alloys at room and elevated temperatures could be improved by 

obtaining aligned microstructures. The directionally-solidified alloy also showed 

increased fracture toughness at room temperature. This trend is mainly associated with 

crack deflection and the formation of shear ribs in the samples with aligned 

microstructures. The sample with better-aligned lamellar exhibits greater fracture 

toughness. 

* Research sponsored by the U.S. Department of Energy, Fossil Energy Advanced Research Materials Program, 
DOE/FE AA 15 10 10 0, Work Breakdown Structure Element UT-2(A) 
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Introduction 

The CrzX (X = Ti, Hf, Zr, Nb, Ta, etc.) Laves-phase alloys are candidate materials for 

applications at temperatures greater than 1,2OO”C, because these alloys have good 

oxidation resistance and strength at elevated temperatures.(‘-7) However, these alloys are 

very brittle at room (24OC) and moderately high temperatures (400 to SOO°C), which 

prohibits their commercial applications as structural materials. One of the potential 

solutions to overcome the brittleness of Laves-phase alloys is to fabricate in-situ 

composites containing reinforcing Laves phases in a relatively ductile matrix,(8-‘5) The 

presence of a Cr-Cr2Ta eutectic reaction provides a good opportunity for the formation of 

a Cr solid solution alloy reinforced with the Cr2Ta Laves phase.(16) The Cr-Cr2Ta alloy 

has a melting point greater than 1,700°C, and the Laves phase has an ordered crystal 

structure so that it shows excellent mechanical properties at elevated temperatures. In 

addition, the Cr matrix phase exhibits some ductility, which is greater than that of the 

Cr2Ta Laves phase at room temperature, (3y 17) and good oxidation resistance at elevated 

temperatures. The mechanical properties of the Cr matrix can be improved by 

thermomechanical treatment and alloying-element additions.(17-‘g) Thus, the Cr solid 

solution matrix composites reinforced by Laves phases makes the material attractive. 

However, only limited work has been performed on the Cr solid-solution matrix based in- 

situ composites reinforced by the Cr2Ta Laves phase.(73 13, 15) In this work, the 

improvement of mechanical properties of the alloy was achieved by the formation of 

aligned microstructures using a high-temperature optical floating zone furnace. 



Experimental Materials and Method 

High-purity Cr and Ta chips were used as charge materials in order to avoid deleterious 

effects of impurities on the microstructure and mechanical properties of the alloys. The 

nominal composition of the alloy studied is Cr-9.25 at.% Ta. Button-shaped samples of 

the alloy were obtained by arc-melting in argon. Every sample was inverted and re- 

melted more than ten times in order to improve the homogeneity of the microstructure 

and chemical composition of the alloy. Then cylindrical ingots with a length of 60 mm 

and a diameter of 9 mm were obtained by drop-casting. The loss of weight is less than 

0.5 wt.% (weight percent) during the entire fabrication process of the alloy, which is 

mainly related to the evaporation of Cr. The samples with aligned microstructures were 

made by directional solidification using a high-temperature optical floating zone furnace. 

The directionally-solidified samples were grown in flowing argon. The effect of growth 

conditions, including the growing speed and rotation rate, has been deterrnined 

previously. (20) Selected samples were heat treated in vacuum before mechanical tests. 

The heat-treatment condition was 1,2OO”C/l day (d) + 1 ,lOO”C/l day (d) + 900°C/2 days 

W. 

The microstructures and fracture surfaces of the alloy were examined using optical 

microscopy (OM) and scanning-electron microscopy (SEM: Cambridge Instrument 

S360). The samples for microstructural examination were electrolytically etched in a 

solution of the 100~grams oxalic acid and 1,000 ml-pure water for 30 seconds, with a 

voltage of 10 V, and current of 4 A. The microhardness was measured on polished 

samples using a Micronet 2001 Microhardness Tester with a load of 1,000 grams. 

Tensile tests were conducted at room temperature and elevated temperatures of 8OOOC 

and 1,OOO”C in air using an In&-on testing machine equipped with an induction heater. 

Samples with gage dimensions of 1.5 x 3.0 x 25.3 mm were fabricated with an electric- 

discharge machine (EDM), and polished using grinding papers with grits from 180 down 

to 600. For the directionally-solidified Cr-Ta alloy samples, the tensile loading direction 



was parallel to the growth direction of the samples. The loading rate was 2 mm/min, 

which corresponds to a strain rate of 1.3 x 10p3/s. 

Subsized chevron-notched three-point bend samples with dimensions of 2.5 x 3.5 x 25 

mm were used to determine the fracture toughness of the Cr-Ta alloys. The bend tests 

were performed on an Instron testing machine at room temperature. The cross-head 

speed was 10 cLm/s. The chevron-notch has a triangular shape with a width of 2 mm and 

height of 1.8 mm. Therefore, the chevron-notch tip bears the maximum tensile stress so 

that the crack initiates at the tip. The growth direction of the directionally-solidified Cr- 

Ta alloy was perpendicular to the loading direction during the fracture-toughness tests. 

The fi-acture toughness was calculated using the following equation: 

Kq = (G xE’)“~ 

where, G = W/A, W is the absorbed energy, (i.e., the area of load versus displacement); 

A is the area of the triangle through which the crack propagates; 

E’ = E/( 1 -v2) is the plane-strain Young’s modulus, and v is Poisson’s ratio. 

Following the mechanical tests, microstructural characterizations of the tested samples 

were utilized to provide a mechanistic understanding of the influence of the processing 

method and the resulting microstructure on the mechanical performance of the alloy. 
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Results 

Microstructures of Processed Material ..,, “. 

Figure 1 shows the microstructures of the drop-cast and the directionally-solidified Cr- 

9.25 at.% Ta alloy samples. The drop-cast alloy has primary Cr solid-solution grains and 

eutectic colonies, as shown in Fig. l(a). After the heat treatment described in the 

experimental section, no change in microstructure could be observed using OM and 

SEM. By employing directional solidification, an aligned microstructure was obtained at 

a growth speed of 100 mm/h, as shown in Fig. l(b). However, there were some growth 

defects (non-lamellar regions) of about 8-9 vol.% (volume percent) produced during 

directional solidification at low growth speeds (I 80 mm/h). Figure 2 exhibits the cross- 

sectional microstructure of the directionally-solidified alloy. It can be seen that the Cr2Ta 

Laves phase exhibits two kinds of shapes, lamellar and rod-like. 

Mechanical Behavior 

Table 1 shows the effect of the processing method on the microhardness of the alloy. 

The drop-cast alloy exhibited the highest microhardness, with heat treatment resulting in 

Table 1. Microhardness of the Cr-9.25 at.% Ta alloy 

Processing Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Average 

Method (Vickers) (Vickers) (Vickers) (Vickers) (Vickers) (Vickers) 

DC”’ 536 589 532 536 570 553 f 25 

DC + HTc2’ 448 428 436 451 452 443 I!I 10 

DSc3’ 384 380 394 388 388 387+5 

DS+HT 373 382 386 384 390 383f6 

(l) Drop cast 
(2) Heat treatment: 1,2OO”C/l d + 1,l OO”C/l d + 900°C/2ds 
(3) Directional solidification: 100 mm/h at 20 rpm 

mr*, 5 



significant softening. The lowest microhardness was obtained. in the directionally- 

solidified alloy, and its hardness decreased only slightly after heat treatment. 

Table 2 exhibits the influence of the processing method on the tensile properties of the 

alloy at room and elevated temperatures. The drop-cast sample fractured without 

yielding at all test temperatures (up to l,OOO°C). However, its fracture strength increased 

with increasing temperature. The fracture strengths can be improved by heat treatment at 

all three temperatures investigated. At the highest temperature, l,OOO”C, limited plastic 

deformation was obtained along with a high ultimate strength. Among the different 

processing techniques listed in Table 2, the directionally-solidified and heat-treated alloy 

exhibited the best tensile properties at the three temperatures. Yielding was observed at 

800°C. At the highest temperature of 1 ,OOO”C, the directionally-solidified alloy exhibited 

a combination of good yield and ultimate strengths and ductility. 

Table 2 Tensile properties of the Cr-9.25 at.% Ta alloy 

Processing Test Temperatures Yield Ultimate Total 

Method (“C) Strength (MPa) Strength (MPa) Elongation (%) 

24 85 0 

DC 800 244 0 

1,000 330 0 

24 131 0 

800 313 0 
DC+HT 

1,000 335 428 0.9 

24 352 0 

800 350 448 0.8 
DS+HT 

1,000 487 573 1.6 

The effect of processing on fracture toughness is shown in Table 3. The drop-cast alloy 

possessed a low fi-acture toughness at room temperature, which is the main obstacle to 

6 



commercial applications of the Cr-Ta alloys. Heat treatment slightly decreased the 

fracture toughness. The samples of both the drop-cast, and the drop-cast and heat-treated 

alloys showed very similar f?acture toughness values. The fracture toughness was 

improved by directional solidification. 

Table 3 Fracture toughness of the Cr-9.25 at.% Ta alloys at room temperature 

Processing Sample 1 

Method MPam’” 

DC 10.2 

DC+HT 9.2 

DS+HT > 15.0 

Sample 2 

MPam1’2 

10.2 

9.5 

13.0 

Sample 3 

MPam”2 

10.2 

9.3 

11.4 

Average 

MPam12 

10.2 + 0.0 

9.3 f 0.1 

> 13.1 + 1.5 

Microstructures of Tested Samples 

To study the effect of microstructure on the tensile properties, the fracture surfaces were 

examined by SEM. Figure 3 shows the fracture surfaces of the drop-cast and the 

directionally-solidified Cr-9.25 at.% Ta alloys tensile-tested at room temperature. The 

fracture surfaces of the drop-cast alloy were relatively smooth, they were identified as 

cleavage-type fracture. It can be seen that different grains showed different lamellar 

spacings on the fracture surface, which is due to the different orientations of grains in the 

drop-cast alloy. Note that the eutectic CrzTa Laves-phase plates are represented in white 

color, while the eutectic Cr phase plate in gray color. In addition, some microcracks were 

observed on the fracture surface, as marked by arrows A and B in Fig. 3(a). These 

microcracks generally propagated along the weak eutectic colony boundaries. In the 

directionally-solidified alloy, the lamellar spacing was uniformly distributed on the 

fracture surface, as shown in Fig. 3(b). There were numerous shear ribs in the 

directionally-solidified alloy, as marked by arrow C in Fig. 3(b). The shear ribs indicate 

the possibility that cracking occurs at different elevations, and crack deflection can take 

place. 



To observe the crack-propagation characteristics, the microstructure in a plane parallel to 

the loading direction of the tensile-tested samples was examined using SEM. In the 

directionally-solidified alloy tensile-tested at room temperature, there are some 

microcracks, which propagated in the lamellar colonies with crack branching and 

deflection, as shown in Figure 4. The deflected crack tends to grow along the CrzTa/Cr 

interface. Note that deflected crack in Fig. 4 could be observed as shear ribs on the 

fracture surface [Fig. 3(b)]. 

Upon increasing the test temperature to 1 ,OOO”C, microcracks, which mainly propagated 

along the weak eutectic colony boundaries, were found in the drop-cast alloy, as shown in 

Fig. 5(a). There were many microcracks in the brittle CrzTa Laves phase along with the 

deflected cracks in the directionally-solidified alloy, as observed in Fig. 5(b). The 

presence of the microcracks in the Cr2Ta Laves phase and crack deflection in the 

directionally-solidified alloy help absorb fracture energy, and decrease the stress intensity 

factors around crack tips, thus, increasing the strength and ductility, relative to the drop- 

cast material. 

Fracture surfaces of the fracture-toughness samples were also examined using SEM. The 

fracture surface of the drop-cast alloy mainly exhibited cleavage features and was 

generally flat, as shown in Fig. 6(a). In contrast, there were numerous shear ribs in the 

directionally-solidified alloy as seen in Figs. 6(b) and (c), which results from crack 

deflection and produces high toughness values (Table 3). In Figs. 6(b) and (c), it can be 

seen that the microstructure of the directionally-solidified alloy contains aligned Cr2Ta 

Laves-phase lamellae and rods. Note that no de-bonding at the CrzTa/Cr interface was 

observed. 

Figures 7(a) and (b) show the microstructures near the chevron-notch tips of the 

directionally-solidified samples with fracture toughness values of 13.0 MPamt2 and > 

15.0 MPam”2, respectively. It can be seen that there were more CrzTa Laves-phase 

lamellae near the notch tip of the sample with the fracture toughness value of > 15.0 

MPam’” than in the sample with the fkacture toughness value of 13.0 MPam”2. It was 

8 



also found that the fracture surface of the sample with a higher fracture toughness value 

was rough, and contained many shear ribs near the notch tip. Other parts of the 

microstructures were basically similar in the two samples. 
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Discussion 

From the above results, it can be seen that the mechanical properties of the Cr-9.25 at.% 

Ta alloy depend on the processing methods and microstructures. Specifically, the 

microhardness was affected by the processing techniques and microstructural features. 

The drop-cast alloy showed the highest microhardness. Heat treatment reduced the 

microhardness of the alloy. The alloy fabricated by directional solidification possessed 

the lowest microhardness, which may be related to its equilibrium and aligned 

microstructures. As a result, the heat treatment following directional solidification 

decreases the microhardness only slightly. 

Directional solidification improved the tensile properties of the alloy at room and 

elevated temperatures, as shown in Table 2. This trend results from the softening 

behavior produced by the aligned lamellar eutectic microstructure of the directionally- 

solidified alloy. When the sample was tensile-loaded along the lamellar orientation, it 

tended to fail perpendicular to the loading direction. In this case, the main crack 

intersects more lamellar boundaries so that the crack has difficulty in propagating, and it 

has to deflect, branch, and create shear ribs, as shown in Figs. 3-5. At the highest test 

temperature of l,OOO”C, the deflection behavior of the main crack, and microcracking in 

the Cr2Ta Laves phase, were more pronounced than at 24°C (Figs. 4 and 5). These 

phenomena help absorb fracture energy and decrease the stress intensity factor around the 

crack tip, which increases the strength and ductility in the directionally-solidified alloy, 

relative to the drop-cast material. In addition, the ductility improvement by directional 

solidification may be associated with the formation of special orientations between the Cr 

solid-solution phase and the Cr2Ta Laves phase. 

The drop-cast alloy exhibited low fracture toughness due to the inherent brittleness of the 

alloy and weak eutectic colony boundaries [Fig. 5(a)]. The fracture surface showed 

typical cleavage features. The heat treatment of 1,200°C/ld + l,lOO°C/ld + 900°C/2ds 

slightly affected the fracture toughness of the drop-cast alloy. It is known that fracture 

toughness is closely associated with the microstructure of alloys. Compared with the 
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drop-cast alloy, the fracture toughness could be improved by producing an aligned 

microstructure. This trend is associated with the fact that the aligned microstructure of 

the alloy can facilitate crack deflection, resulting in the presence of shear ribs. Besides, 

the eutectic colony boundary of the alloy is weak in the drop-cast alloy, as shown in Fig. 

5(a). Hence, the improvement of the fracture toughness by directional solidification 

could be attributed to a decrease in the number of weak colony boundaries and the 

enhancement of crack deflection. The alloy is very brittle at room temperature. 

Therefore, fracture toughness is sensitive to crack initiation. The higher fracture 

toughness of a directionally-solidified alloy in Table 3 is mainly related to the presence of 

the aligned lamellae, in Fig. 7(b). Thus, it can be suggested that higher fracture 

toughness can be obtained by the production of aligned microstructures in which more or 

less fully aligned lamellar microstructures are present. 



Conclusions 

1. The microhardness was affected by the microstructure of the Cr-9.25 at.% Ta alloy, 

and directional solidification softened the alloy. 

2. The tensile properties were significantly improved by obtaining aligned 

microstructures in the alloy at room and elevated temperatures, which is due to crack 

deflection and the formation of shear ribs. 

3. The aligned microstructure results in improved fracture toughness of the alloy. 

4. The alloy exhibited good tensile properties at l,OOO”C, especially high tensile 

strength. I 
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Figure 1 Microstructures of the drop-cast (a) and directionally-solidified (b) Cr-9.25 at.% 
Ta alloy along the longitudinal direction of the ingots 
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Eutectic Cr2Ta Laves- h [!&I 
Phase Lamella L .j 

Figure 2 Cross-sectional microstructure of the directionally-solidified Cr-9.25 at.% Ta 

alloy 
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Figure 3 Fracture surfaces of the drop-cast (a) and directionally-solidified (b) Cr-9.25 
at.% Ta alloy tensile-tested at room temperature 
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gure 4 SEM micrograph of the microstructure along the longitudinal section of the 

directionally-solidified Cr-9.25 at.% Ta alloy tensile-tested at room temperature 
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igure 5 SEM micrographs of the microstructures along the longitudinal direct 

drop-cast (a) and directionally-solidified (b) Cr-9.25 at.% Ta alloy tensile-te 
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Figure 6 Fracture surfaces of the drop-cast (a) and directionally-solidified (b and c) Cr- 

9.25 at.% Ta alloy tested for fracture toughness 

22 



$ 

Eutectic CrzTa 
1 Laies-Phase Rod v 

I 5P I/ // -I/ 

Figure 7 Fracture surfaces near the chevron-notch tips of the directionally-solidified Cr-9.25 

at.% Ta alloy with fi-acture toughness values of 13.0 MPa.m”* (a) and > 15.0 MP&m”* 0~) 
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