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ABSTRACT 

In Phase I an investigation was ru de oí factors affecting the tensile ductility mini¬ 
mum behavior of coated columbium alloys in air in the intermediate temperature range 
700-1100 C. In the case of TRW Cr-Ti-Si coated Cb-10W and Cb-10W-2. 5Zr (Cb-752 
Alloy), contamination and embrittlement by air at the base of coating cracks is the 
major factor responsible for loss of ductility. Apparent mechanical interaction between 
coating and substrate plays a smaller role, but becomes more important with decreas¬ 
ing substrate thickness. The presence of zirconium and dynamic strengthening of the 
substrate have relatively little effect on ductility. 

A study of dynamic strengthening during creep of Cb-10W-2. 5Zr and Cb-10W was 
the objective of Phase 2. All creep testing was done in a vacuum of -10-6 torr and under 
constant stress conditions. The temperature range of interest was -800-1200 C. In 
long-time creep tests, the usual dynamic strengthening process in the Cb-10W-2. 5Zr 
alloy was complicated by additional hardening due to internal oxidation. The Cb-10W- 
2. 5Zr alloy wae considerably stronger in creep than Cb-10W. The possible strengthening 
effects of Zr are discussed. 
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PHASE 1. TENSILE DUCTIUTY MINIMUM IN COATED 
AND UNCOATED COLUMBIUM ALLOYS 

INTRODUCTION 

A pronounced minimim occur« in the ten^ilei1» 2)* and bend ductilityO) of coated 
columbium alloys tested in air at intermediate temperature« of about 700-1100 C (0. 35- 
0. 50 of the melting point). For example, reductions in area of 40-90 percent for un¬ 
coated alloy« tested in vacuum sometimes drop to near ztio when the coated alloys are 
strained in air. 

The objective of this phase of the program was to determine the mechanisms 
responsible for the embrittlement of coated columbium-base alloys in the temperature 
range 700-1100 C. Experiments were designed to evaluate the importance of the follow¬ 
ing factors on tensile ductility: 

(1) Zirconium content of substrate 

(2) Dynamic strengthening of substrate 

(3) Environment 

(4) Mechanical interaction between substrate and coating. 

Cb-10W** and the commercial alloy Cb-752 (Cb-10W-2. 5Zr) were used as substrates, 
and the coatings used were TRW Cr-Ti-Si and Sylcor Ag-Si-Al-Mo. 

MATERIALS 

Substrate 

Thirty-mil-thick Cb-10W and Cb-752 and 120-mi) Cb-752 sheets were supplied by 
the Stellite Division of Union Carbide Corporation. 

Cb-10W 

Cb-10W sheet was prepared from a 15-pound 4-inch-diameter electron-beam- 
melted ingot. The latter was cut in two pieces, coated with borosilicate glass for oxida¬ 
tion protection and lubrication, and press forged at 1200 C. After being machined and 

^lefercncei are given on page 54. 

•Unless otherwise specified, alloy compositions are given in weight percent. 
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vacuum annealed at 1540 C, the pieces were warm rolled at ~350 C to 0. 160 inch. Fol¬ 
lowing a 1-hour vacuum anneal at 1540 C, the alloy was cold rolled in the same direction 
to ~80 percent reduction in area to 30-mil sheet. The ch * ’.'stry of the ingot and finished 
sheet are given in Table 1. 

Recrystallization to an average grain size of 0.073 mm was done by vacuum an¬ 
nealing 1 hour at 1620 C. The structure after a simulated coating thermal treatment 
appeared as shown in Figure la. Since columbium and tungsten form a continuous series 
of bcc solid solutions^), the fine precipitates undoubtedly are the result of interstitial 
impurities. 

Cb-752 

Cb-752 sheet was prepared from part of a 250-pound electron-beam-melted ingot 
measuring 27-3/16 x 10-1/2 x 2-9/16 inches. Following vacuum annealing at 1540 C, 
the alloy was hot rolled at 1200 C in a protective can to 0.680 inch. Following a similar 
vacuum anneal, the alloy was warm rolled at ~350 C in the same direction to give 120- 
mil sheet with a reduction of -80 percent. After a vacuum anneal at 1430 C, some of the 
sheet was cold rolled in the same direction to 30 mils, thereby giving a cold reduction 
of ~75 percent. The chemistry of the ingot and sheet are given in Table 1. 

Recrystallization in vacuum for l hour at 1540 C resulted in an average grain size 
of 0. 057 mm for the 30 mil and 0. 037 mm for the thicker sheet. The difference probably 
was caused by the more severe cold work in the 30-mil sheet. The typical structure is 
shown in Figure lb. Aligned parallel to the rolling direction is a fine dispersion, identi¬ 
fied by X-ray diffraction to be (Cb, Zr), C, monoclinic ZrC>2, and/or fee ZrC>2.(6) 

Coating 

TRW Cr-Ti-Si 

The coating examined most extensively was the TRW Cr-Ti-Si type applied in a 
2-cycle vacuum deposition process from an activated pack. In the first cycle, the speci¬ 
mens were packed in minus 8, plus 30 mesh 60Cr-40Ti alloy powder with 0. 5 percent 
KF activator. The assembly was enclosed in a carbon retort and heated for 8 hours at 
1260 C at 10-^ mm. The silicon was similarly applied by heating minus 8, plus 30 mesh 
powder with 1 percent KF for 4 hours at 1120 C. 

According to Figures 2a and 3, the resulting coating on Cb-752 and Cb-10W con¬ 
sisted of metal disilicides with minor amounts of subsilicides and/or Laves phases 
(Cb, Ti)Cr2 totalling 2.4 ± 0.4 mils thick. The phases were identified from metallog¬ 
raphy and concentration profilesi7) of a similar alloy (D-43) shown in Figure 4. The 
outer layers consisted of a Cr, Ti rich disilicide and a Cb-rich disilicide. Below these 
was a white phase, (Cb,Ti)Cr2, which tended to penetrate substrate grain boundaries. 
Adjacent to the coating, the subrtrate had a 0. 5-mil zone containing dissolved Cr, Ti, and 
Si. Although not identified met-Jographically, traces of subsilicide were also probably 
present. Because of tensile stresses generated by differential thermal contraction (see 
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250X 50 lactic acid, 30 HNO3, 1 HF etchant N29579

b. Cb-lOW-2.6Z1, 1 hi 1540 C + 8 hi 1260 C + 4 hi 1120 C

FIGURE 1. U5NGITUDINAL MICROSTRUCTURES OF 30-MlL Cb-lOW 
AND Cb-752 SHEET AFTER VACUUM ANNEALING
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FIGURE 2. MICRDSTRUCTURES CF Cr-Ti-Si COATED Cb-752 SHEET

Phases identified from Figure 4.
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FIGURE 4. CONCENTRATION PROFILE OF Cb-10W-lZr-0. lC(I>-43 Allov) 
COATED WITH Cr-Ti Si(7> 

Top: aa coated 
Bottom: coated and annealed 50 houra at 1370 C in air 

at 1 atmoaphere. 
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Appendix A) many cracks appeared in the coating on cooling to room temperature and 
resulted in a mosaic pattern having blocks about 5 mils in diameter. Characteristically, 
the Cr-Ti-Si coating is hard [~1000 DPH(8)1 and brittle compared to -ISS DPH for re- 
crystallised Cb-752.

For selected studies some of the disilicides were converted to subsilicides by air 
annealing 50 hours at 1370 C as indicated in Figure 2b. In addition, the Laves phase 
and diffusion aone were essentially eliminated. In this condition the coating still had ' 
adeo.uate cxidation resistance for sUtic tests in air.C^)

Sylcor Ag-Si-Al-Mo

The other coating used was the R508 Ag-Si-Al-Mo coating supplied by the Sylcor 
Division of General Telephone and Electronics Corporation. The coating was applied 
in a two-step slurry process, done by spraying the metal powders blended in a lacquer 
vehicle followed by a short-time (<1 hour) diffusion treatment in argon at 1260 C.<^)
The resulting coating was ~6 mils thick, composed of a 2-mil disilicide aone overlaid 
with a 4-mil low-melting (750-800 C) meUl reservoir capable of filling cracks in the 
disilicide layer.

An electron microprobe analysis made on Ag-Si-Al-Mo coated Cb-752 was in 
essential agreement with a similar analysis(^) made on unalloyed colximbium. As indi­
cated in Figure 5, the outer layer consisted of a silver-aluminum alloy matrix [contain­
ing about 18 atomic percent aluminum(9)J plus minor amounts of Cb and Mo. Included

Ag-Al Alloy

(Mo, Cb)Si2

. '.J
HI.

w-(Cb, W)Si2

^*Ji?;g»(Cb,W)5Si3

Substrate
500X 50 lactic acid - 10 HNO3 - 2 HF etchant. IA029 

FIGURE 5. MICROSTRUCTURE OF Ag-Si-Al-Mo COATED Cb-752 SHEET 

Phases identified from microprobe analysis and Reference 9.



were large amounts of a light gray phase (Mo, Cb)SÍ2 and small amounts of a dark gray 
free silicon phase. Adjacent to the multiphase layer was a layer consisting of basically 
(Cb, W)SÍ2 with minor variations and contained traces (~1 atomic percent) of aluminum. 
Adjacent to the substrate were two thin layers of subsilicide (Cb, W^Sij, one or both of 
which contained 1. 5 atomic percent iron. 

EXPERIMENTAL WORK 

Specimen Preparation 

Pin-type sheet tensile specimens of Cb-10W and Cb-752 were prepared having a 
reduced section of 0.25 inch wide and 1 inch long according to Figure 6. The axis was 
generally parallel to the rolling direction. The pin was the same diameter as the gage 
width, with the cross-sectional area around the holes being at least twice that of the 
gage cross section. All corners were generously rounded. The 120-mil sheet was 
symmetrically surface ground to 100 mils. The 30-mil sheet was uniform to ±1 mil 
and did not require grinding. Specimens to be Cr-Ti-Si coated were recrystallized 
1 hour at 1 x lO"5 mm at 1620 C for Cb-10W and at 1540 C for Cb-752. Ail of the un¬ 
coated specimens were similarly .’•ecrystallized and further annealed 8 hours at 1260 C 
plus 4 hours at 1120 C to simulate the thermal history given Cr-Ti-Si coated specimens. 

All specimens were abrasive tumbled in silicon carbide at TRW to radius the 
edges about 5 mils. This treatment either facilitated coating adhersnce or maintained 
uniform geometry. Specimen thicknesses were reduced 0. 5-1 mil by the treatment. 
Tumbling was followed by pickling (20 seconds in 2OHF-2OH2SO4-IOHNO3-5OH2O) and 
rinsing in water and alcohol. Coatings were applied as described in the preceding sec¬ 
tion. Six Cr-Ti-Si coated Cb-752 specimens were air annealed 50 hours at 1370 C in a 
notched Alundum boat to increase the amount of subsilicide present and alter the state 
of stress in the coating and substrate. 

Tensile Tests in Air 

Low Strain Rate 

Tensile testing in air up to 1200 C at a nominal strain rj.te of 0. 1 per minute was 
done in a Nichrome resistance furnace mounted on a Baldwin-Southwark hydraulic 
machine. Pin-type grips, 3/4-inch diameter, and pins were made of solution treated 
and aged Udimet 700 bar (see Appendix B for chemistry and heat treatment). Expend¬ 
able tungsten pins were used near 1200 C. Temperatures were measured by a Chromel- 
Alumel thermocouple loosely wired to the specimen mideection. The end of an 
Alundum protection tube prevented reaction between the thermocouple bead and coating 
above 900 C. The maximum temperature gradient along the gage length was estimated 
to be 10 C. Load-extension curves were recorded autographically. 





High Strain Rate 

Testing in air at a strain rate oí - iOO per minute was done using a Krafft«Hahn 
dynamic loader equipped with pin-type Udimet 700 grips. The machine operates by 
expansion oí a volume of cold pressurised gas acting on a driving piston. The machine 
is hydraulically stiffened by requiring the piston, in addition to loading the specimens, 
to force a gas-free liquid through a controllable restrictive orifice. Details of opera¬ 
tion have been described previously. ( 10, 11) 

Temperatures of 900-1015 C were obtained by induction heating (4-kw spark gap 
converter, 125-450 kc) a 1-inch-OD Inconel tube susceptor concentric with the specimen 
axis. Temperatures were measured optically to ±10 C by sighting through a hole in the 
susceptor onto the surface of the Cr-Ti-Si coated specimens. Black-body corrections 
were negligible (10 C) accordiig to calibration on a dummy specimen with a 65-mil- 
diameter hole 240 mils deep. This hole geometry is capable of giving essentially black- 
body conditions at about 1000 C.U2) Lower temperatures were obtained by using heater 
tapes and were controlled by a thermocouple. 

Load-extension curves were generally taken from a Polaroid photograph of an 
oscilloscope trace. The load signal came from a calibrated strain gage bridge mounted 
on the draw bar and time from the oscilloscope sweep velocity. Extension was calcu¬ 
lated from the cross head speed and time. 

Tensile Tests in Vacuum 

Vacuum tensile testing up to 1400 C at a strain rate of 0.1 per minute was done in 
a Brew tantalum resistance furnace mounted on an Instron machine. Pin-type grips 
we^e made of TZM molybdenum rod with TZM or tungsten pins. Temperatures were 
measureti with a Chromel-Alumel thermocouple up to 1100 C. At higher temperatures 
i Pt-Ptl0Rh thermocouple was used. Direct contact with coated specimens above 800 C 
was prevented by a piece of tungsten foil between the bead and specimen. Maximum 
temperature gradients were estimated at 20 C, and operating vacua were about 1 x 
10"^ mm. Broken specimens were allowed to vacuum cool to ~600 C followed by inert 
gas cooling to under 100 C. 

Ductility and Strength Measurements 

Gage lengths and cross-sectional areas were measured on all specimens before 
and after coating and after testing. Total elongations were within 10 mils of those in¬ 
dicated on load-extension curves. These elongations were converted to percent elonga¬ 
tion in 1 inch by considering slight deformation experienced in the specimen shoulders. 
Allowances for geometry and typical strain hardening indicated an "effective gage 
length" of 1.3 inches at strains up to maximum load, and thereafter 1 inch to fracture. 

Small but measurable losses in load-bearing cross-sectional area were experi¬ 
enced by specimens because of rectangularity losses during abrasive tumbling and sub¬ 
strate consumption by the coating. Corrections for the latter, given in Table 2, 



wer« estimated from met.llographic examination and composition (see Figure. 2-5> „f 

SUb,tr*" ^'ld *”« “‘I”«* —il. strength, weredlcuUUd 
S. 1 by tii. corrected initial subCrat. cross-sectional areas. Fracture 
strength, «ere calculated using estimates of the final substrate cross-sectional areas. 

TABLE 2. 
SEcílONA^aífí0^ 7REATMEN"rs ON the load-bearing cross- 

?EN™E SPEC^ENS AND IOO'MIL Cb-752 AND Cb-|0W SHEET 

Treatment 

Radiusing edges to 5 mils 
by abrasive tumbling 

Cr-Ti-Si coating 

Cr-Ti-Si coating + 
annealing 50 hr 1370 C in air 

Ag-Si-Al-Mo coating 

Substrate 
Consumption, 

mils/side 

0.4 

1.0 

0.9 

Area Reduction, percent 
30-Mil Sheet 100-Mil Sheet 

1.0 

2.9 

7. 5 

6.8 

0.3 

1. 1 

2.8 

2.5 

Reduction in area values were calculated from the initial minus the final composite 
area, which was then multiplied by 100/(initial substrate cross-sectioned area) 'n 
measured cases where the coating was not adherent, the initial coating area war added 
to the final area. Measured RA values above 20 percent are believed accurate to 
±2 percent RA for 100-mill and ±5 percent RA for 30-mil sheet. In less ductile speci¬ 
mens, where failure occurred at maximum load and elongations appeared uniform, the 
RA was taken equal to the measured percent elongation in 1 inch. This assumption was 
consistent with measured changes in specimen dimensions. 

,.. . i''1" ••r*i"-h»^.nlng exponent, we. calculated from load-extension data using 
the relationship „ = Re« „here o = true stress, £ = true strain, and K is a constant for 

“t Z"**“" lnd rite- SlmpU,lCîlt‘°'' e— <». following approximation 

n ~ 
¿T) (1.01 P2/P1) 

07694 (1; 

where P, » load at 1 percent elongation and P = load at 2 percent elongation. Although 

LTh" " a Wlth ■tr*in> n w*‘ onlonlnfcd at low strains so that strain hardening 
could be compared in specimens of differing ductilities. 8 
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RESULTS AND DISCUSSION 

In studying the tensile ductility (reduction in area and elongation) of coated and un¬ 
coated columbium alloys, the following parameters were varied: 

(1) Temperature: 25-1400 C 

(2) Substrate composition: (a) Cb-lOW, (b) Cb-10W-2. 5Zr 

(3) Substrate thickness: (a) 30 mils, (b) 100 mils 

(4) Coating: 

(a) As-coated Cr-Ti-Si 

(b) As-coated Cr-Ti-Si annealed to grow subsilicides 

(c) As-coated Ag-Si-Al-Mo 

(d) As-coated Ag-Si-Al-Mo annealed in situ. 

(5) Environment: (a) air, (b) vacuum, 1 x 10-5 mm 

(6) Strain rate: (a) 0. 1 per minute, (b) 100 per minute. 

Several parameters were held essentially constant. A'tnough some variation 
existed, the recrystallized grain size of both alloys was ~0. 05 mm. Thermal histories 
of coated and uncoated specimens were the same. Uncoated specimens and specimens 
to be Ag-Si-Al-Mo coated were gi ren the TRW Cr-Ti-Si coating thermal treatment of 
8 hours at 1260 C plus 4 hours at 1120 C in vacuum. The diffusion anneal for the Ag-Si- 
Al-Mo coating process is expected to have had little additional effect. Generally the 
tensile axis was parallel to the sheet rolling direction. In some cases, transverse 
specimens of lOO-mil Cb-752 sheet were used. Since no significant difference was 
found between room-temperature longitudinal and transverse tensile properties, possi¬ 
ble anisotropy effects were neglected. Except for thickness, the geometries of all 
specimens were the same. 

Uncoated Cb-752 

Tensile properties of uncoated 30- and 100-mil Cb-752 sheet are given in Figure? 
and Tables 7 and 8 (Appendix C) as a function of temperature. With increasing tempera¬ 
tures up to 600 C, there is a steady drop in strength and little change in ductility. At 
600-950 C, dynamic strengthening is indicated by serrated yielding, a strength maxi¬ 
mum, and increased strain hardening. The temperature range is in agreement with the 
500-1000 C range found by Chang for Cb-lZr.(13) A mild loss in elongation appears to 
be associated with dynamic strengthening, but reduction in area remains unaffected. 
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FIGURE 7. TENSILE PROPERTIES OF UNCOATED 30- AND 100-MIL Cb-752 
SHEET IN VACUUM AT A STRAIN RATE OF 0.1 PER MINUTE 
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FIGURE 8. TENSILE PROPERTIES OF UNCOATED 30-MIL Cb-IOW SHEET 
IN VACUUM AT A STRAIN RATE OF 0.1 PER MINUTE 



Above 1000 C dynamic strengthening is no longer apparent. Strength decreases and 
elongation increases normally with increasing temperature. Strength and ductility are 
essentially unaffected by specimen thickness. 

Uncoated Cb-10W 

Tensile properties of 30-mil Cb-lOW sheet are given in Figure 8 and Table 9 
(Appendix C). Strengths stay roughly constant or increase slightly up to 500 C and then 
drop at higher temperatures. There is a mild ductility minimum around 500 C, but on 
the whole ductilities are comparable to those found for Cb-752. 

In refractory metal alloys, dynamic strengthening is broadly associated with in¬ 
teraction between interstitial atoms and dislocations. (16,17) Some experimental evi¬ 
dence indicates that the mechanism in columbium and columbium alloys is dynamic 
strain agingl5) or strain-induced precipitation.U3) In strain aging, the interstitial 
element responsible for the effect must diffuse at a rate similar to that of moving dis¬ 
locations as determined by strain rate. For strain-induced precipitation, a certain 
amount of interstitial diffusion is also necessary. 

A relation(18, 19) describing the occurrence of serrated yielding and strength 
peaks in columbium is 

è = 109 D, (2) 

where ¿ = strain rate and D * required minimum liffusion rate of the appropriate inter¬ 
stitial. The higher temperature required for serrated yielding in Cb-752 compared to 
Cb-10W at the same strain rate can be rationalized in terms of soluble zirconium de¬ 
creasing D. Such a mechanism w consistent with creep data suggesting short-range 
interactions between zirconium and interstitial solute atoms at dislocation sites. (20) 
Moreover, the yield-point behavior observed in both alloys indicates additional inter¬ 
stitial effects. 

Cr-Ti-Si Coated Cb-752 

Air, Low Strain Rate 

Substrate tensile properties for Cr-Ti-Si coated 30- and 100-mil Cb-752 sheet in 
air at a strain rate of 0.1 per minute are presented in Figures 9 and 10 and Tables 10 
and 11 (Appendix C). As was the case for the uncoated alloy, serrated yielding was 
again observed and indicated the presence of dynamic strengthening. With increasing 
temperature, yield strengths of coated and uncoated material behave similarly. How¬ 
ever, the 30-mil sheet appears somewhat stronger than the 100-mil sheet. Above 
500 C, the yield-strength difference of -5000 psi (15 percent) becomes signuicant com¬ 
pared to a scatter of -2000 psi in the data. Ultimate strengths of the coated 30-mil 
sheet were also higher. Because of low iracture strengths and ductility, no peak in the 
ultimate strength was obtained in the dynamic strengthening temperature ranre 600- 
950 C. . r , 



FIGURE 9. SUBSTRATE TENSILE PROPERTIES OF Cr-Ti-Si COATED 30-MIL 
Cb-752 SHEET IN AIR AT A STRAIN RATE OF 0.1 PER MINUTE 
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FIGURE 10. SUBSTRATE TENSILE PROPERTIES OF Cr-Ti-Si COATED 100-MIL 
Cb-752 SHEET IN AIR AT A STRAIN RATE OF 0.1 PER MINUTE 



Elongations anã reductions in area of both sheet thicknesses were drastically re¬ 
duced relative to those of uncoated Cb-752 in vacuum. Ductility results are compared 
in Figure 11. The low ductility of coated Cb-752 at room temperature is believed to be 
the result of an increased ductility transition temperature caused by the coating. Up to 
-600 C, reasonably high ductilities persisted and were accompanied by spalling of the 
coating and a shear-type fracture inclined to thejensile axis. A ductility minimum oc¬ 
curs in the temperature range -700-1100 C. The thicker sheet was less severely em¬ 
brittled (3-18 percent RA) than the thinner sheet (1-5 percent RA). An air anneal of 
50 hours at 1370 C to thicken the subsilicide zone had little beneficial effect on ductility. 
A typical fracture is compared to that of uncoated Cb-752 tested in vacuum in Figure 12. 
There is an absence of necking, little spalling of coating near the fracture, profuse 
transverse coating cracks, and an irregular transverse fracture tending to follow coat¬ 
ing cracks. The reason for the low ductility is apparent from Figure 13. Wedges con¬ 
taining debris (metallographically identified as a columbium oxide) formed at the base 
of coating cracks and permitted the surrounding atmosphere ready access to the sub¬ 
strate. It is likely that oxygen diffusion into the substrate caused progressive em¬ 
brittlement and permitted coating cracks to propagate. As straining proceeded, the 
cracks rapidly enlarged until there was no load-bearing substrate left. Fracture ac¬ 
companied by oxidation and contamination took place in only -20 seconds, the usual test 
duration in the ductility minimum temperature range. Heat-up times were not con¬ 
sidered because the specimen surface was static and adequately protected from oxida¬ 
tion by the coating. Also of interest in Figure 13b is the smaller amount of oxidation 
of the Ti-Cr-enriched substrate immediately beneath the coating-substrate interface. 
However, neither the ductility nc- the contamination resistance of this thin zone was 
sufficient to preclude cracking. 

Above 900 C, ductility gradually rose and indicated increased dynamic protection 
by the coating during the test. Possible mechanisms include increased coating ductility 
and formation of a viscous protective glass. 

Air, High Strain Rate 

Figure 14 and Table 12 (Appendix C) summarize the tensile results for Cr-Ti-Si 
coated and uncoated Cb-752 sheet in air at a nominal strain rate of 100 per minute. 
Comparing the limited strength data with Figure 7, there appears to be reduction in 
ultimate strength at ~90C C as a result of increased strain rate. A negative strain rate 
sensitivity agrees with results presented in Phase 2. Furthermore strain hardening 
seems to peak around 1000 C compared with 850 C for specimens tested at 0. 1 per 
minute. Such behavior suggests the dynamic strengthening region is pushed to higher 
temperatures by increasing strain rate and is consistent with Equation (2). 

The ductility of coated 100-mil sheet remains high up to ~1000 C. Some loss in 
ductility is indicated for the 30-mil sheet at 950 C, but this is much less severe than 
similar material tested at the low strain rate. Spalling of the coating was noted in all 
tests. As shown in Figure 15, surface cracking to depths of 3-5 mils was noted adjacent 
to the fracture. These fissures did not propagate through the substrate, and ductile 
fractures similar to that in uncoated Cb-752 were obtained. Since the test duration was 
only ~0. 1 second, oxygen apparently did not have sufficient time for inward diffusion and 
embrittlement of the substrate at the base of coating cracks. According to Figure 16, 



FIGURE II. TENSILE DUCTILITY OF Cr-Ti-Si COATED 30- AND 100-MIL 
Cb-752 SHEET IN AIR COMPARED WITH THAT OF THE 
UNCOATED ALLOY IN VACUUM AT A STRAIN RATE OF 
0. 1 PER MINUTE 
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FIGURE 12. FRACn®ES OF UliCOATED AND COATED 100-MIL Cb-752 SHEET 
TESTED AT 850 C AT A STRAIN RATE OF 0.1 PER MINUTE
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FIGURE 13. LONGITUDINAL MICROSTRUCTURES OF Cr-Ti-Si COATED 100-MIL 
Cb-7S2 SHEET TESTED AT 900 C IN AIR AT A STRAIN RATE OF 
0.1 PER MINUTE

SO lactic acid - 30 HNOs-2 HF etchant.
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increasing strain rate 3 orders of magnitude apparently was beneficial tr ‘he ductility 
of coated Cb-752 in air. However, since the reduction in area remaineo ~70 percent at 
25 C for both strain rates on uncoated material, strain rate per se is probably not an 
important Us.'.or in causing large ductility changes. Rather, a 200-fold reduction in ex¬ 
posure time during which contamination can occur most likely accounts for the high 
ductilities obtained for coated Cb-752 at the high strain rate. 

Vacuum, i^ow Strain Rate 

Substrate tensile properties of Cr-Ti-Si coated Cb-752 in vacuum tested at a 
strain rate of 0.1 per minute are given in Figure 17 and Table 13 (Appendix C). In 
comparison with Figures 9 and 10, the yield strengths are similar to those found in 
air. With the increased ductility, higher tensile strengths are realized and form the 
dynamic strengthening maximum in the temperature range 600-950 C. Up to 1000 C, 
fracture strengths are significantly higher than ultimate strengths. However, in the* 
1000-1300 C range, fracture and ultimate strengths are nearly equal, indicating little 
necking took place. 

Up to 900 C ductilities remained high. Spalling of the coating and shear fractures 
were noted. Above 900 C, fractures were transverse, the coating adherent, transverse 
cracks prevalent, and ductilities lower. In the case of the lowest ductility found, Fig¬ 
ure 18 slows that many coating cracks propagated a maximum of ~5 mils into the sub¬ 
strate and then blunted. The fracture tended to follow grain boundaries. 

Cr-Ti-Si Coated Cb-lOW 

Substrate tensile results for Cr-Ti-Si coated Cb-lOW in air at a strain rate of 
0. 1 per minute are given in Figure 19 and Table 14 (Appendix C). Up to 900 C strengths 
were lower than those of uncoated Cb-lOW tested in vacuum (see Figure 8). No dynamic 
strengthening was apparent. The whole substrate cross section was affected since two 
coated specimens tested at 5UU and 800 C in vacuum with the coating removed also ex¬ 
hibited lower strength and greater ductility than the material before coating. Based on 
other reported work(^), Ti or Cr on the surface could cause a chemical potential gradi¬ 
ent and act as an interstitial sink. Therefore purification or lettering of some inter¬ 
stitials throughout the cross section during the Cr-Ti-Si co«Hn { process is a possibility. 
This effect was not noted in Cb-752 probably because the Zr fo: med stable interstitial 
compounds. 

Above 600 C, the ductility was under 10 percent with a minimum of 2 percent oc¬ 
curring at -900 C. As indicated in Figure 20, Cb-lOW behaved similarly to Cb-752 in 
both coated and uncoated conditions. The major difference was that coated Cb-lOW had 
significant room-temperature ductility, indicating a lower due tile-to-brittle transition 
temperature. 
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76X 50 lactic acid - 30 HNO3 - 2 HF etchant. 8A837 

FIGURE 18. LONGITUDINAL MICROSTRUCTURE OF Cr-Tl-Si COATED Cb-752 SHEET AT THE 

FRACTURE AFTER TENSILE TESTING IN VACUUM AT 1000 C AT A STRAIN RATE 

OF 0.1 PER MINUTE 
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FIGURE 19. SUBSTRATE TENSILE PROPERTIES OF Cr-Tl-Si COATED 
30-MIL Cb-10W SHEET IN AIR AT A STRAIN RATE OF 
0.1 PER MINUTE 
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Timperat ur® ,C a-54263 

FIGURE 20. EFFECT OF SUBSTRATE TYPE ON THE TENSILE DUCTILITY 
OF Cr-Ti-Si COATED 30-MIL SKLET IN AIR AND UNCOATED 
SHEET IN VACUUM AT A STRAIN RATE OF 0. 1 PER MINUTE 



Ag-Si-A 1-Mo Coated Cb-752 

Substrate tensile properties found for Ag-Si-Al-Mo coated Cb-752 in air at a 
strain rate of 0. 1 per minute are given in Figure 21 and Table 15 (Appendix C). Again 
yield strengths approximated those found from similar tests on Cr-Ti-Si coated 30-mil 
Cb-752 (see Figure 9). The slightly higher strengths (~3000 psi) noted up to ~400 C 
may have been caused by the ductile silver-rich layer bearing some measurable load. 
At 800-900 C the ultimate strength showed a maximum. Since strain-hardening ex¬ 
ponents peak around 900 C, and since serrated yielding was noted, dynamic strengthen¬ 
ing was still present. 

Ductilities of Cb-752 in air with Cr-Ti-Si and Ag-Si-Al-Mo coatings are compared 
in Figure 22. Up to 750 C the silver-base coating remained solid and gave similar duc¬ 
tility behavior. Above 750 C, the coating reservoir became liquid and resulted in some 
improvement. Figure 23 illustrates this behavior. At 7C0 C, the coating was solid and 
internal cracks formed in the brittle disilicide layer and propagated into the substrate. 
The silver was unable to exclude air since traces of oxide were visible at the crack 
tips. At 800 C the coating was liquid and offered some protection by filling the cracks 
in the brittle coating layer. However, reduction in area only rose from 2 to ~6 percent 
compared with ~70 percent for uncoated material. This recovery was small probably 
because of liquid metal embrittlement and/or oxygen diffusion through the liquid Ag-Al 
alloy. Furthermore, holding the coated specimen in situ 1-4 hours at 1100 C before 
testing had little effect on ductility. 

Factors Affecting Ductility 

Zirconium Content of Substrate 

Since similar ductilities were found for Cr-Ti-Si coated Cb-10W and Cb-752 
(Cb-10W-2. 5Zr) tested in air (see Figure 20), zirconium in Cb-10W does not seem to be 
a major factor in the ductility minimum behavior in the critical temperature range 
700-1100 C. Since prior work(3) indicated that coated zirconium-containing columbium 
alloys were more susceptible to embrittlement in bending than unalloyed columbium, 
the presence of tungsten may be a contributing factor. 

Dynamic Strengthening of Substrate 

Dynamic strengthening was found in Cb-10W at 400-500 C and in Cb-752 at 600- 
950 C. Because the application of coatings to both materials resulted in a severe duc¬ 
tility minimum at temperatures from ~700 to 1100 C, the occurrence of dynamic 
str-ngthening in Cb-752 at these temperatures is probably coincidental. 

Environment 

The results show that the presence of air is detrimental to ductility and the major 
cause of the ductility minimum behavior found in coated Cb-10W and Cb-752. 
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FIGURE 21. SUBSTRATE TENSILE PROPERTIES OF Ag-Si-Al-Mo COATED 
30-MIL Cb-752 SHEET IN AIR AT A STRAIN RATE OF 
0.1 PER MINUTE 
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FIGURE 22. EFFECT OF COATING TYPE ON THE TENSILE DUCTILITY 
OF 30-MIL Cb-752 SHEET IN AIR AT A STRAIN RATE OF 
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FIGURE 23. LONGITUDINAL MICROSTRUCTURES OF Ag-Si-Al-Mo COATED 30-MIL 

Cb-752 SHEET NEAR THE FRACTURE AFTER TENSILE TESTING IN AIR 
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The extent of the effect, illustrated in Figures 12 and 13, is clearly shown in Figure 24 
by comparing results for Cr-Ti-Si coated 30-mil Cb-752 sheet tested in air and vacuum 
In the ductility minimum range 700-1100 C, the reductions in area rise from 1-5 per¬ 
cent to 20-55 percent by excluding air. Moreover, the lower limit of the ductility mini¬ 
mum range corresponds to the start of rapid oxidation in columbium. ^1) jj, 8pite of a 
possible reduction in oxygen diffusion rate caused by the presence of zirconium as sug¬ 
gested by Equation (2), the mechanism was apparently ineffective in reducing embrittle¬ 
ment of Cb-752 at a strain rate of 0.1 per minute. 

Mechanical Interaction Between Coating 
and Substrate 

In Figure 24, the ductility of Cr-Ti-Si coated 30-mil Cb-752 sheet tested in vac¬ 
uum was 20-55 percent compared with 60-75 percent for the uncoated alloy. The 
probable reason for the difference is believed to be mechanical interaction between 
coating and substrate. ^ 

In an efiortto evaluate mechanical interaction effects, the residual stress pattern 
of Cr-Ti-Si coated Cb-752 sheet was changed by air annealing for 50 hours at 1370 C. 
A subsilicide layer (Figure 2b) that had a low thermal expansion coefficient presumably 
was compressed on cooling to room temperature. Calculations, summarized in Table 3 
(see Appendix A for derivation of equations and discussion of their limitations), indicate 
that the maximum longitudinal elastic stress in the coated condition should be appre¬ 
ciably different from that in the coated plus annealed condition. Furthermore, it was 
thought that cracks in the disilicide layer in tension might be arrested by the compressed 
subsilicide layer, thereby excluding oxygen from the substrate. Results given in Fig¬ 
ures 9 and 10 indicate little ductility differences between the two stress conditions in 
both uheet thicknesses. Therefore, it is concluded that the subsilicide layer offered no 
additional dynamic protection from coating cracks or atmosphere. 

TABLE 3. ESTIMATES OF MAXIMUM LONGITUDINAL ELASTIC STRESSES 
IN Cr-Ti-Si COATED Cb-752 SHEET AT 25 C AS A RESULT OF 
DIFFERENTIAL THERMAL EXPANSION ACCORDING TO 
APPENDIX A 

Maximum Longitudinal Stress, 1000 psi 
30-Mil Sheet 100-Mil Sheet 

87-173 tension 
7 compression 

44-83 tension 
83-88 compression 
1-3 tension 

As Coated at 1120 C 

Disilicide layers 68-135 tension 
Substrate i 19 compression 

As Coated and Air Annealed 
50 Hours at 1370 C 

Disilicide layer 35-62 tension 
Subsilicide layer 62-72 compression 
Substrate 2-6 tension 



FIGURE 24. EFFECT OF ENVIRONMENT AND PRESENCE OF Cr-Ti-Si 
COATING ON THE TENSILE DUCTIUTY OF 30-MIL Cb-752 
SHEET AT A STRAIN RATE OF 0.1 PER MiNUTE 
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Gracfc. in the coating set up notche. near the coating-.ub.trate interface. Asso¬ 
ciated with these notches are triaxial stresses along with bond-shear and normal 
stresses. These localized stresses can be considered as mechanical interactions be¬ 
tween coating and substrate. The notch effect is illustrated in Figure. 15b and 18 

'7cVS.Vohn .?.'.752dUb,'r,te ‘’I'’*'''“ Ín * dUCtU" C0*,in« «*<*• P'Ovid.d crack init ation sites and many cracks propagated ~5 mils before blunting. This action 
evidently led to grain-boundary failure and prevention of necking. The effect is further 
illustrated by simJarities in elongation and reduction in area in Figure 17. Since the 
blunted cracks consumed ~33 percent of the load-bearing substrate area in the 30-mil 
sheet and only -10 percent in the 100-mil sheet, one would expect the thicker sheet to 

i1*iB the caBe Bince iigure814 and 17 indicate that cr-Ti- 
01 coated 100-mil Cb-752 sheet was more ductile than the thinner sheet in air at a 
strain rate of 100 per minute or in vacuum at the lower strain rate. Since apparent 
mechanical interaction effect* extend above 1000 C, dynamic strengthening does not 
enter into consideration since it ceases above 950 C. 

Further indication of coating-substrate mechanical interaction is given by com- 
pari.on of yield strength of coated and uncoated Cb-752 sheet in air and vacuum in Fig¬ 
ure 25. In spite of ±2000 psi scatter, the data indicate the substrate is stronger than 
ue uncoate- îlloy. The effect of diffused elements from the coafing is probably unim¬ 

portant. The reason is that two coating conditions (as Cr-Ti-Si coated, or Ag-Si-Al- 
Mo coated) give a1 out the same strengths. These conditions represent two different 
concentration profiles, the former containing Cr, Ti, and Si to a depth of ~0. 5 mil, the 
latter probably containing Si to a negligible depth. The overcoming of residual com- 
pressive stresses in the substrate as a result of differential thermal expansion (Appen¬ 
dix A) might explain some of the strengthening. The remainder could be caused by the 

."ir*"8 nOW 0' *Ur'*Ce m,terÍ*1' ,he »“"S pronounced in theb* 

CONCLUSIONS 

(1) Zirconium content (0 and 2. 5 percent) and dynamic strengthening have little effecl 
on the ductility of TRW coated Cb-)0W in the critical temperature range 700- 
1 1 00 C!» 

(2) Air causes contamination and embrittlement at the base of coating cracks and is 
the major factor for reduced ductility of Cr-Ti-Si coated Cb-10W and Cb-752 
(Cb-10W-2. 5Zr), 

(3) An apparently compressed subsilicide layer offer, little Increased dynamic pro¬ 
tection to Cr-Ti-Si coated Cb-752. P 

(4) Compared to Cr-Ti-Si, somewhat better dynamic protection is offered by Sylcor I1 
Ag-Si-Al-Mo coating when the Ag-Al alloy is liquid above 750 C. 

(5) Mechanical interaction between coating and substrate apparently ha. a measurable 
aetrimental effect on the ductility of Cr-Ti-Si coated Cb-752. This effect in¬ 
creases with decreasing substrate thickness from 100 to 30 mils. 
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(6) Since the substrate 0. Z percent yield strength is maintained and the low ductility 
is measurable, the embrittlement may not be a limiting factor in the use of coated 
columbium alloy systems designed to operate below the yield strength. 
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PHASE 2, DYNAMIC STRENGTHENING DURING 
CREEP OF COLUMBIUM ALLOYS 

INTRODUCTION 

It was demonstrated in Phase 1 that the addition of Zr to a Cb-10W alloy raises the 
range of temperatures where dynamic strengthening is observed in tension tests: *200- 
500 C for Cb- 10W (Figure 8) and *600-950 C for Cb- 10W-2, 5Zr (Figure 7). The results 
on Cb-10W are very similar to those reported for unalloyed CbU*, 15), in addition to the 
strength peaks, other associated phenomena are serrated yielding and negative strain- 
rate sensitivity. The presence of both effects was found in the Cb-10W-2, 5Zr alloy, as 
shown in Figure 26. A general explanation of this behavior in terms of the dynamic be¬ 
havior of dislocations has been given by Wilcox and Roeenfield(^). 

Based on previous data in the literature it is reasonable to expect that a dynamic 
strengthening process should also be reflected in an improved elevated-temperature 
creep strength. For example, in 1954, Cottrell^0) suggested that during a creep test, 
the onset of strain aging should lead to the suppression of recovery, and hence a decrease 
4n the creep rate. He based this conclusion on the results of Dumbleton^1), who found 
this to be the case for zinc single crystals containing nitrogen, and the work of Glen(^), 
who observed a similar effect in steel. More recently Borch, Shepard, and Dorn(^) 
noted that the activation energy for creep of Al-3. 2 at . % Mg was anomalously high over 
the temperature range of *RT to 120 C. The activation-energy peak occurred over ap¬ 
proximately the same temperature range where serrated yielding was observed in normal 
tension tests. Borch, et al., ascribed the high activation energies to Cottrell locking, 
the activation energy being the sum of that for cross-slip and unlocking of dislocations. 
Gregory and Rowe(^O) conducted similar creep studies on Cb-lZr alloy. Although their 
data were not complete, they observed a tendency toward a peak in a plot of activation 
energy versus temperature at slightly less thar *1000 C. From Chang's^^^ data it ap¬ 
pears that this temperature is near the upper limit of the temperature range where ser¬ 
rated yielding is observed in tension tests. 

Therefore, the purpose of this phase of the program was to examine the effects of 
dynamic strengthening on the creep behavior of Cb alloys. Emphasis was placed on study¬ 
ing the influence of Zr additions on the creep rate over the temperature range *800- 
1200 C. 

MATERIALS 

The Cb-752 and Cb-10W alloys used in this phase were from the same heats as 
those in Phase 1. Creep specimens had configurations identical to tensile specimens 
(Figure 6) and they were machined from sheets that had been surface ground from 0. 120 
to 0.080-inch thickness. The final recrystallization anneal for both alloys was 1 hour at 
1700 C, which resulted in a grain size of a *0. 1 mm for both alloys. The microstruc¬ 
ture s of the uucrept alloys were similar to those in Figure 1 except for a slightly 
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coarser grain size. The 1700 C anneal caused an increase in the oxygen content of 
Cb-752; 112 ppm O2 as compared with 29 ppm O2 for the tensile specimens (see Table 1). 

EXPERIMENTAL WORK 

Creep tests were conducted in a vacuum of 10"^ torr using a constant stress lever 
arm similar to tbit described by Pullman, et al.(34) This technique maintains a constant 
stress up to --10 percent elongation. Creep extension was measured optically with a sen¬ 
sitivity of 50-100 microinches, by two sliding molybdenum strip extensometers scribed 
with fiducial marks, one on each side of the specimen gage length. In addition to normal 
creep tests at a constant stress and temperature, the "change-in-stress" technique^35) 
was used on selected specimens. The "change-in-temperature" method could not be used 
in the present study because of unduly long times to reach thermal equilibrium after a 
temperature change. 

In order to minimize oxygen pick-up during testing the gage lengths were wrapped 
with Ta foil. However, this precaution was not sufficient to eliminate oxygen absorption 
during long-time tests. 

The structures of crept specimens were examined by both optical and electron mi¬ 
croscopy. An attempt w?s made to etch pit the crept specimens, but no technique was 
found which gave a convincing one-to-one correspondence between etch pits and disloca¬ 
tions. The technique that best revealed both the dislocation substructure and precipitate 
distributions was the following: (1) electropolish in a solution of 85 percent H2SO4, 
15 percent HF maintained at room temperature using a Pt cathode and 10 volts dc and 
(2) etch by immersion or swabbing in a solution of 60 percent lactic acid, 20 percent 
HNO3, 20 percent HF. Thinning foils for transmission electron microscopy was done by 
the jet indentation technique. Discs about 0,015 inch thick were chemically indented 
from both sides to a central thickness of ^0. 003 inch using a solution of 60 percent HNO4 
and 40 percent HF. The specimens were then thinned electrolytically in a solution of 
92. 5 percent methanol, 2. 5 percent HF, 5 percent H2SO4 maintained at -40 C. Thinning 
was stopped when a hole was visually observed in the central section of the disc. 

RESULTS AND DISCUSSION 

Cb-752 

Creep Studies 

Creep oí the Cb-10W-2. 5Zr alloy results in strain-time curves that are typical of 
metals that undergo dynamic strengthening during creep(3(^, e.g., strain aging or pre¬ 
cipitation during deformation. Figure 27 illustrates the early stages of a creep test at 
1000 C and 18,000 psi. A short primary region (Stage I) is followed by a region of mark¬ 
edly reduced creep rate (Stage II). The creep rate then rapidly accelerates during 
Stage HI. The initial portion of Stage III is not associated with necking, since visual 
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FIGURE 27. EARLY STAGES OF CREEP OF Cb-752 AT 1100 C AND 18,000 PSI 



observation« showed that necking does not occur until ~10 to 15 percent elongation. The 
rapid accelers tion of the creep rate during Stage III may be associated with some dislo¬ 
cation multiplication process, as described by Gilman^"). The reduction in the creep 
rate at the start of Stage II was even more marked in specimens tested at 800 C, i. e., 
tensile tests indicate that dynamic strengthening is most pronounced at this temperature 
(see Figure 7). 

The stress dependence of the minimum creep rate at 800 C is shown in Figure 28. 
These results show that ¿min c- 0n, where the exponent n s 4.8. Several ,lchange-in- 
stress" tests gave similar stress exponents (see Table 4), and a creep curve typical of 
this type of test is shown in Figure 29. In each case the stress changes were made dur¬ 
ing Stage II of the creep curve. A stress exponent of 4.4-4. 9 agrees well with previous 
results of McCoy^), who obtained n * 4.8-4.9 for a Cb-lZr alloy creep tested at 982 
and 1204 C. 

TABLE 4. STRESS EXPONENTS CALCULATED FROM 
STRESS-CHANGE TESTS ON Cb-752 

T, C Op psi Cp per sec 0^, psi per sec n 

800 40,000 8.30 xlO'10 42,000 1.03 xlO’9 4.4 
1100 16,000 1.53 X IO-9 18,000 2.64 xlO'9 4.6 

The temperature dependence of the minimum creep rate, from 1000-1175 C, is 
shown in Figure 30. The relation between the minimum creep rate and temperature is 
¿min * exp-(Qc/RT), and the activation energy for creep was calculated to be Qc a 
58 kcal/mole at 22,010 psi. This value is in accord with the creep results of Gregory 
and Rowe(20) on a Cb-lZr alloy. In the temperature range 1000-1125 C they measured 
Qc values ranging from "59-75 kcal/mole, with the higher values obtained for higher ap¬ 
plied stresses. They suggested that pinning of jogged edge dislocations by Zr atoms in¬ 
hibited climb, and the presence of interstitial atoms on the dislocations increased the 
binding energy of the Zr atoms to the jogs. It is pos sible that the same mechanism may 
be operative in Cb-752, but the present data are insufficient to justify any definite 
conclusions. 

Structural Studies 

It is particularly difficult to analyze the present results in terms of a rate¬ 
controlling mechanism. The situation is complicated by the fact that in addition to the 
normal recovery and dynamic strengthening processes, internal oxidation occurs, and in 
long-time tests a significant strengthening can occur as a result of formation of fine 
Zr02 precipitates. Thus, the minimum creep rate may be determined by dynamic 
strengthening caused by strain aging or precipitation on dislocations coupled with concur¬ 
rent internal oxidation. 

For example, in a 1000-hour test at 1000 C and 22,000 psi, the total oxygen con¬ 
tent of the gage length was increased from 112 ppm 02 to 870 ppm O2. Undoubtedly part 
of this oxygen combined with Zr to form Zr02 precipitates. In view of the results of pre¬ 
vious work on ultrahigh vacuum creep of Cb alloys it is not surprising that considerable 
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oxygen pickup occurred during the present tests. Titran and Hall^39) even found slight 
oxygen contaminaticr (20-100 ppm O2 increase) in long-time creep tests of various Cb 
alloys at vacuums of 10"® to 10"9 torr. 

Microscopic examination of crept specimens typically showed that fine precipitates 
formed during the course of creep. Figure 31 shows examples of this phenomenon. This 
precipitation is cm a finer scale than the banded precipitates present in the uncrept alloy 
(see Figure 1). Figure 31 shows that the precipitation appears to be irregular from 
grain to grain, and denuded regions at grain boundaries are frequently noted (Figure 31a). 
In addition, a substructure develops within the grains, and appears to be heavily locked 
by precipitation on the subboundaries (see Figure 31b). It is felt that this precipitation 
arises largely from the internal oxidation process. 

Transmission electron microscopy of crept specimens showed the fine particles in 
more detail (see Figure 32). The precipitates were not identified in this study. However, 
similar investigations by Rowdiffe, et al.(3®), on an internally oxidised Cb-lW-lZr al¬ 
loy revealed that such precipitates could be monoclinic sirconium oxide (aZrOz). 

Cb- 10W Alloy 

Selected creep tests were made on the Cb-10W alloy at temperatures greater than 
its dynamic strengthening range (~200-500 C, see Figure 8). At a given stress and tem¬ 
perature, the rupture life was shorter, and the minimum creep rate higher than for 
Cb-752. Figure 33 shows the significant creep-strengthening effect caused by Zr, e.g., 
at 800 C and 32,000 psi the minimum creep rate of Cb-10W-2. 5Zr is 3600 times less 
than that of Cb-10W. 

The Strengthening Effects of Zr 

The addition of 2. 5 percent Zr to Cb-10W significantly increases the tensile and 
creep strengths. The degree of strengthening depends on the test temperature, being 
most pronounced in the range "700-900 C where dynamic strengthening occurs in the 
Cb-752 alloy. There are a number of possible me chants me whereby Zr could exert this 
strengthening effect: 

(1) By solid solution strengthening, 

(2) By forming precipitates of (Cb, Zr)C and ZrC>2 during material 
processing, e.g., compare Figure la with Figure lb. 

(3) By promoting internal oxidation (formation of fine ZrC>2 precipitates) 
during the course of long-time creep tests. 

(4) By raising the temperature range where dynamic strengthening is 
operative. This could be due to: 
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(a) St rain-induced dyr amie precipitation on dislocations 

(b) Zr modifying the diffusivity of interstitials such as oxygen, 
i, e., an alloy strain-aging effect. 

(5) By forming Zr-0 clusters in the matrix that impede dislocation 
climb and glide. 

It is difficult to separate the effects of mechanisms (1) and (2). However, a rough 
estimate of the combined strengthening effects of (!) and (2) is possible from the room- 
temperature yield-strength values (s*>e Figures 7 and 8). The 0.2 percent offsec yield 
strength of Cb-10W-2.SZr is »60,000 psi, which is 12,000 psi higher than the corre¬ 
sponding value for Cb-10W. This strength improvement due to Zr is probably largely 
due to the combined effects of mechanisms (1) and (2). 

Internal Oxidation 

Figures 31 and 32 show that internal oxidation occurs during long-time vacuum 
creep tests of Cb-752. The formation of very fine Zr02 precipitates contributes to the 
creep strength by reducing the creep rate and prolonging the rupture life. The effect of 
internal oxidation on tensile and creep strengths of a Cb-lW-lZr alloy has been discussed 
in more detail by Rowcliffe, et al.(3®) They found that internal oxidation for 100 hours 
in a vacuum of 2 x 10_& torr increased the room-temperature yield strength from 
-30,000 psi to -60,000 psi. The annealing treatment caused a fivefold increase in oxygen 
content, and resulted in the formation of fine coherent precipitates. These zones were 
not stable at 1100 and 1200 C, and they coarsened to aZrOp particles. 

Even though the precipitates formed in Cb-Zr alloys are not completely stable at 
high temperatures, this method of strengthening offers considerable promise as a means 
of increasing the intermediate-temperature (»700-900 C) tensile and creep strength of 
Cb-Zr base alloys. 

Dynamic Strengthening 

In the temperature range »600-950 C dynamic strengthening contributes signifi¬ 
cantly to the strength improvement of Cb-10W-2. 5Zr over Cb-10W. This is best noted 
in tensile tests where the complicating effects of internal ox.dation are minimal. 

The influence of Zr on dynamic strengthening in Cb alloys is directly analogous to 
the effect of Mn on Fe-N and Fe-C alloys(^0-44)> por example, in Fe-C-Mn and FeN- 
Mn alloys Baird and Jamison^4'') noted tensile-strength peaks »200 C higher than the 
normal Fe-C and Fe-N strain-aging peaks. Hopkini41) also demonstrated that Mn and N 
together in pure iron are required to produce a marked increase in creep strength at 
450 C, i. e.f this is »200 C higher than the normal nitrogen strain-aging peak in Fe. 
They suggested that clusters of Mn and N atoms form and impede dislocation movement. 
They also demonstrated that fine precipitates formed during creep, but they felt that this 
means of strengthening was less important than the Mn-N clustering. The Mn-N effect 
on creep could also be due to some form of dynamic alloy strain aging - where Mn may 
decrease the diffusion rate of N, thereby raising the effective strain-aging-temperature 
range. The high-temperature dynamic strengthening effects in the Cb-10W-2, 5Zr alloy 



can be diecussed in terms of the same mechanisms, although the present study does not 
allow a single mechanism to be selected as most predominant. It is possible that several 
factors contribute to the Zr effect, including clustering of Zr and O atoms in solution as 
well as dynamic precipitation during tensile and creep deformation. There is evidence 
from internal friction studies in a Cb-iZr alloy that & damping peak can be asciibed to a 
Zr-0 interaction^). This was attributed to the diffusion of oxygen in the vicinity of Zr 
atoms. The Zr-0 interaction could exert an alloy strain-aging effect or could cause 
strengthening by cluster formation. Dynamic precipitation on dislocations is quite pos¬ 
sible also, but at present there is no direct evidence that this occurs in Cb-Zr alloys. 

CONCLUSIONS 

(1) Dynamic strengthening probably contributes to the higher creep strength of 
Cb-10tf-2. 5Zr (Cb-752) as compared with Cb-10W. 

(2) The exact mechanism of dynamic strengthening is still uncertain. However, several 
reasonable suggestions are (a) the formation of Zr-0 clusters which impede disloca¬ 
tion glide and climb, (b) dynamic precipitation on dislocations and in the matrix dur¬ 
ing deformation, and (c) an alloy strain-aging effect involving interaction of Zr and 
oxygen with moving dislocations. 

(3) In long-time vacuum (10"^ torr) creep tests strengthening due to internal oxidation 
is superimposed on the normal dynamic strengtnening process(es). This method of 
strengthening offers promise as a means of improving the intermediate-temperature 
(-700-900 C) creep and tensile strength of Cb-Zr alloys. 
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APPENDIX A 

ESTIMATE OF OVERALL LONGITUDINAL STRESSES PRODUCED IN 
Cr-Ti-Si COATED Cb-752 AS'a RESULT OF DIFFERENTIAL 

THERMAL CONTRACTION 

A bout ce of residual stresses in silicide-coated columbium alloys arises from 
differences in thermal expansion between coating and substrate. This stress state can 
be changed by (1) varying the specimen thickness and (2) altering the chemical composi¬ 
tion of the coating by diffusion annealing. The maximum longitudinal stress can be 
estimated from an elastic analysis^22). Consider a narrow, flat bar of thickness t,, 
symmetrically coated on two opposite faces with materials having thicknesses defined 
as t2/2 and t3/2 for mathematical convenience (see Figure 34). With the following 
assumptions, the residual stress state can be calculated: 

(1) The system is stress free at the coating temperature T-. Should 
oxidation occur, it is assumed that stresses generated by the volume 
increase of the oxide are completely relieved by viscous flow of the 
resulting glass. 

(2) The system is elastic. 

(3) The differences in thermal-expansion coefficients (dj - a2) and 
(dj - d3) remain constant throughout the temperature interval, AT. 

(4) Interfaces are discrete. 

(5) The stress is uniform throughout the cross section. This is valid in 
the central portions, removed from edges where bond shear stresses 
and stresses normal to the bond are appreciable. 

By balancing forces and maintaining continuity, the longitudinal stress in the substrate 
at T = T0 - AT is 

_ E1iT[E2Val • V + V3(ai - a3l] 
°1 = E.t, + E_t_ + E t » 

1 1 2 2 3 3 

where E - Young's modulus at T. Similar relations can be written for stresses in the 
coating. If the bar were sufficiently wide, the stress would be increased by lateral 
restraint, and the effective modulus would be E' = E/(l - p), where p = Poisson's 
ratio. Equation (3) would be altered by replacing E by E' fo’r each of three components 
and would result in "’SO percent increase in ap 
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FIGURE 34. NARROW FLAT BAR OF SUBSTRATE SYMMETRICALLY 
COATED ON BOTH SIDES 

Since the elastic modulus of pertinent metal silicides is -45 x 10^ psi from 25 to 
1200 C(8), E2 ~ E3 and Equation (3) can be simplified to 

t„ 

VT (ai • ^+ í¡ (ai • v 

1 + v^2 + Eltl/E2t'2 

E AT(2a. - a_ - a.) 
(4) 

The similarity on the right holds if t2 ^ t$. Assuming tj » (t2 + t3), the resulting 
stresses in the coating layers are given approximately by 

°l*l(a2 - V 

'z (ili -az) + r, (ai - “j1 
ù 

h{2ai ■ *2 - “s’ 
(5} 

“s' 
Vl(a3 - al> 

*3 (al - “3» + - a2> 

Vi^ • “l1 
't3(2a1 - ~2 - a3l (6) 

Estimates can be made of the physical-property data required for Equations (4) to 
(6). From a pertinent concentration profile in Figure 4, the composition and thickness 
of various layers can be estimated. Table 5 lists available thermal-expans ion coef¬ 
ficients for pertinent silicides and oxides^®» 24). Differences in reported values 
indicate that thermal-expans ion coefficients of silicides are not well established. The 
iirconium content of the coating is low and assumed negligible in this discussion. 
Using reported values for columbium, tungsten, and zirconium^2®» the expansion 
coefficient for the Cb-752 substrate was calculated from 



TABLE 5. SUMMARY OF REPORTED THERMAL-EXPANSION COEFFICIENTS OF INTEREST IN 
Cr-Ti-Si COATED COLUMBIUM ALLOYS 

Melting Temperature. 

Component C 

Coefficient of Linear 

Thermal Expansion, 

Crystal 20-1200 C, 

Structure 10*6/C Reference^ 

Cb 2436 Bcc 

Cb-10W-2.5Zr 2500 Bcc 
8.1 

7.4. 8.1 
26.26 
t, 7 

CbSij 

aCb5Si3 

2050 Hexagonal 11.0, 7.6 

2000^^ Tetragonal 6.4 
23,24 

24 

WSL, 

W5SÍ3 

2120 
2320 

Tetragonal 

Tetragonal 

7.6. 7.6, 7.5 

5.1 

8.23,24 

24 

CrSi2 

Cf5Si3 

1540 Hexagonal 11.8, 14.6 

1560 Tetragonal 1).0 
8,2 

23 

TiSi2 

Ti5Si3 

1500 

2120 
Orthorhombic 10.6, 10.6 

Hexagonal 11.2, 17.0 

23,24 

23,24 

Si02 

Cb-A 
T102 

Cr2C>3 

1710 Amorphous 1 

1490 Orthorhombic 1.8 

1800 Orthorhombic 9.3 

2330 Hexagonal 9.3 

8 
8 
8 
8 

(a) Reference 23: Dilatometer measurements on hot-pressed 90 to 95 percent dense material containing 0.3 to 0.5 percent 
free silicon. 

Reference 24: Dilatometer measurements on hot-pressed minus 325-mesh silicide powders; also X-ray measurements as 

minus 325-mtah powder and coatings produced by pyrolysis of silane vapor and by pack diffusion on 
refractory metals. 

(b) Transformation temperature to ß from. 



where £ = atomic fraction. In the temperature range 25 to 1200 C, the value of 7. 9 x 
10”"/C agrees well with experimentally determined values^6» 27). Relations similar 
to Equation (7) were used to calculate expansion coefficients of the diffusion zo.ie, 
complex glass, and metal silicides probably to ±1 x 10"6/C. Such calculations are 
reasonably valid for glasses^) an(j presumed reliable for silicides For simplifica¬ 
tion, layers having similar thermal expansions and elastic moduli were appropriately 
combined for analysis as indicated in Table 6. Young's modulus for the substrate is 
15 to 13 x 106 psi from 25 to 1200 d*»), and that of pertinent oxides is -30 x 10^ psi(8). 
Since the silicon was applied at 1120 C, this was chosen as the stress-free 
temperature. 

The maximum longitudinal stresses calculated for as-coated 30- and 100-mil 
Cb-752 narrow sheet from Equations (4) to (6) are listed in Table 6. The relatively 
high thermal-expansion coefficients of the disilicide coating lead to high tensile 
stresses in the coating on the order of 100,000 psi at 25 C. The latter exceed reported 
bend strengths of-50,000 psi, which in turn are slightly higher than corresponding 
tensile strengths' In such a coating, one would expect and does encounter cracks 
extending to the thin subsilicide zone. Little yielding is expected in the substrate as 
the calculated compressive stresses are less than 30 percent of experimentally deter¬ 
mined tensile yield stresses. Some relaxation in longitudinal stress would be expected 
because of cracks in the coating, but little from creep on cooling from the coating 
temperature. For example, if one assumes that the specimens were held an equivalent 
of 1 hour at 1000 C with a maximum stress of -2000 psi resulting from differential 
thermal contraction, -0. 01 percent elastic strain would result. From creep data on 
Cb-752(6)> a much higher stress of 10,000-15,000 psi is expected for 0.01 percent 
creep strain after 1 hour at 1000 C. On heating to 800 C, calculations indicate that the 
residual stresses drop to -30 percent of the room-temperature vaiues. 

It should be noted that coating cracks introduce additional stresses because of 
violations of Assumption 5 in the analysis. A crack acts as an effective edge, thereby 
creating additional localized stresses. At the base of the crack, longitudinal stresses 
are zero, but bond shear stresses and normal stresses become appreciable. Although 
the latter can be estimated, further discussion is difficult because of lack of knowledge 
of important affecting parameters 

The stress state after a diffusion anneal is different. The most important change 
is a thickening of the subsilicide zone, which has a relatively low thermal expansion 
coefficient. Ignorirg the surface glass, calculations give large compressive stresses 
of -70,000 psi in the subsilicide layer, large tensile stresses in the disilicide layer, 
and minor tensile « tresses <10, 000 psi in the substrate at 25 C. If the glass does not 
flow at all on cooling, calculations indicate the situation remains essentially the same 
except for a reduction in stress in the disilicide layer. As compressive fracture 
strengths of silicides are -200,000 psi(8), no compressive failure would be expected 
in the subsilicide layer. 





APPENDIX B 

ANALYSIS AND HEAT TREATMENT OF 
UDIMET 700 TENSILE GRIPS 

Udimet 700 alloy was obtained from Special Metals Corporation in 1/2- and 3/4 
inch-dia neter rod. The ladle analysis in weight percent was 

Element Weight Percent Element 

Ni 
Co 
Cr 
Al 
Ti 
Mo 

Balance 
18.7 
15. 1 
4.49 
3.44 
4.95 

Fe 
Zr 
Cu 
Mn 
Si 
C 
B 
S 

Weight Percent 

0. 15 
<0.05 
<0. 10 
<0. 10 
<0. 10 

0. 06 
0. 014 
Ù. ()0} 

The wrought bar was air annealed according to the following schedule: 

4 hr at 1180 C, air cool 

4 hr at 1080 0, air cool 

24 hr at 840 C, air cool 

16 hr at 760 C, air cool . 



APPENDIX C 

TABULATED TENSILE DATA FOR PHASE 1 

TABLE 7. TENSILE PROPERTIES OF UNCOATED 30-MIL Cb-752 SHEET TESTED IN VACUUM 

AT A STRAIN RATE OF 0.1 PER MINUTE 

Température, 

C 

Ultimate 

0.251) Offset Tensile 

Yield Strength, Strength, 

1000 psi_1000 psl 

Fracture Strain- 

Stress, 1o Elongation ‘ft Reduction Hardening Other 

1000 psi in 1 Inch in Area_Exponent Observations 

26 

25 

26 

25 

26 

25 

110 
215 

296 

400 

500 

600 

61.6 

60.9 

61.0 

59.1 

62.0 

60.0 

55.0 

47.8 

47.6 
36.4 

33.0 

30.3 

80.8 161 27 

76.8 140 27 

78.6 133 27 

78.0 146 27 

80.4 176 29 

78.7 146 28 

77.5 142 25 

67.6 139 19 

66.9 150 24 

56.4 124 23 

55.1 164 23 

51.5 132 15 

650 

700 

750 

795 

850 

890 

950 

1000 

1095 

1196 

1396 

23.2 47.2 119 

27.1 49.5 128 

29.3 51.5 IIS 

30.2 52.8 112 

27.6 50.9 99 
27.6 51.4 99 

26.9 48.2 79 

28.7 45.6 86 

25.5 37.1 63 

25.4 33.3 44 

20.7 22.7 23 

16 

17 

17 

16 

17 

16 

’8 

33 
47 

98 

66 
61 

Cl 
63 

M 

63 

M 

61 

73 

73 

79 

73 

71 

77 

69 

70 

62 

66 
57 

58 

55 

53 

87 

0.06 

0.06 

0.09 

0,07 

0.07 

0.05 

0.14 Yield point 

0.09 

0.09 Yield point 

0.13 Yield point 

0.15 Yield point 

0,17 Yield point 

Serrations? 

0.18 Serrations 

0.17 Serrations 

0.16 Serrations 

0.18 Serrations 

0.20 Serrations 

0.20 Serrations 

0.20 Serrations 

0.17 

0.13 

0.08 

0.04 



TABLE 8. TENSILE PROPERTIES OF UNCOATFD 100-MIL Cb-752 SHEET TESTED IN VACUUM 

AT A STRAIN RATE OF 0.1 PER MINUTE 

Tcmpeuture, 

C 

38 

SB 

310 

600 

660 

710 

780 

800 

6S0 
900 

960 

1000 
1100 
1200 

0.21k Offset Ultímete Tentile 

Yield Strength. Strength. Fracture Strett. 

loop pal looo p»i_looo mi 
68.0(a) 74.1 182 

86.7(b) 73.1 187 

47.2 67.8 167 

27.6 47.0 128 

Ik Elongation 

In 1 

Inch 

30 

31 

28 

22 

Ik Reduction 

In Area 

69 

75 

76 

77 

Strain- 

Hardening 

Exponent 

0.05 

0.05 

0.08 

0.17 

28.it 47.9 131 22 '1 0.17 

27. Ö 

26.6 

27.4 

26.7 

26.4 

26.4 

26.2 

24.6 

24.5 

49.4 

47.8 

49.8 

48.8 

47.9 

46.6 

44.0 

37.0 

33.6 

no 

125 

129 

126 

106 

109 

96 

70 

51 

20 74 0.18 

20 73 0.19 

19 72 0.20 

20 72 0.19 

21 69 0.20 

20 69 0.20 

27 69 0.?9 

30 66 0.16 

37 66 0.13 

Other 

Obtervatlonu 

Yield point 

Yield point? 

Serrations 

Yield point? 
Serrations 

Senations 

Serrations 

Serrations 

Senations 

Senations 

(a) Specimen axis transverse to rolling direction. 

(b) Specimen axis parallel to rolling direction. 



TABLE 9. TENSILE PROPERTIES OF UNCOATED 30-MIL Cb-10W SHEET TESTED IN VACUUM 

AT A STRAIN RATE OP 0.1 PER MINUTE 

Ultimate 

0.2¾) Off »et Tensile Fracture Strain- 

Temperature, Yield Strength, Strength, Streu, Elongation ‘ft Reduction Hardening Other 

C 1000 pit 1000 pii iüOO pit ln 1 Inch in Area_Exponent Observation* 

25 

25 

25 

200 

300 

400 

500 

600 

650 

700 

750 

300 

850 

900 

960 

1000 

1020 
1100 
3200 

48.0 

47.4 

47.5 

47.4 

48.0 

36. Í 

57.6 171 27 

58.1 168 20 

57.6 148 20 

61.3 188 26 

60.1 179 18 

60.3 137 18 

32. i 60.1 121 13.6 

26.4 

23.4 

25.6 

22.1 
16.2 

18.3 

13.1 

12.7 

10.5 

13.6 

11.9 

13.8 

48.0 124 12 

41.4 118 13 

45.0 128 15 

38.2 126 18 

24.8 124 25 

28.2 120 25 

19.1 125 27 

18.0 136 30 

14.9 154 23 

19.6 162 31 

15.4 154 18 

16.9 164 23 

74 

n 
74 

79 

75 

71 

66 

69 
74 

77 

78 

H8 

•f 
90 

■n 
95 

i 
96 

0.04 Yield point 

0.04 Yield point 

0.04 Yield point 

0.08 Yield point 

0.07 Yield point 

0.22 Yield point 

Serrations 

0.20 Yield point 

Serrations ? 

0.20 Yield peint 

0.23 Yield point 

0.23 

0.23 

0.23 

0.18 

0.14 

0.16 

0.14 

0.16 

0.11 
0.06 



TABLE 10. SUBSTRAJE TENSILE PROPERTIES OP Cr-Ti-Si COATED 30-MIL Cb-7S2 SHEET 

TESTED IN AIR AT A STRAIN RATE OF 0.1 PER MINUTE 

0.2¾ Offiet Teniile 

Temperature. Yield Strength, Strength, ‘fc Elongation 

c _1000 P«1_ 1000 pti_in 1 Inch 

Strain- 
% Reduction Hardening 

to Area Exponent 

25 

25 

100 

205 

300 

410 

500 

595 

600 

650 

700 

705 

755 

800 

610 

850 

900 

910 

950 

950 

1010 
1110 
.200 

70.5 

66.0 
58.1 

48.2 

43.0 

37.7 

36.8 

32.6 

36.5f*) 

35.0 

34.3(») 

35.2 

36.2 

39.5(4) 

32.6 

34.8 
37.1 

33.3 

32.8(a) 

33.3 

31.2 

26.5 

73.8 

71.0 

78.4 

68.1 
65.6 

60/. 

60.4 

55.6 

57.1 

51.5 

43.7 

49.5 

47.4 

44.9 

41.7 

43.7 

45.9 

43.1 

39.2 

45.6 

46.2 

*.5.0 

39.3 

0.3 

0.4 

8.6 
18 

14 

12 
9 

6,6 
5.8 

5.5 

2.5 

2.4 

2.1 
1.3 

1.3 

1.1 
1.1 
1.0 
0.7 

1.5 
2.0 
4.8 

14 

0.3 

0.4 

8.6 
64 

56 

52 

41 

24 

5.8 

16 
2.5 

2.4 

2.1 
1.3 

1.3 

1.1 
1.1 
1.0 
0.7 

1.5 

2.0 
4.8 

16 

0.10 
0.13 
0.19 

0.17 

0.19 

0.18 

0.16 

0.15 

0.18 

0.16 

0.13 

0.08 

0.08 

0.10 

0.11 
0.09 

0.13 

0.16 

0.14 

0.16 

(a) Ai coated and annealed In air 50 hr 1370 C 



TABLE 11. SUBSTRATE TENSILE PROPERTIES OF Cr-Ti-Si COATED 100-MIL 
Cb-752 SHEET TESTED IN AIR AT A STRAIN RATE OF 0. 1 PER 
MINUTE 

Ultimate 
0. 2% Offset Tensile 

Temperature, Yield Strength, Strength, 
C 1000 psi 1000 psi 

% Elongation 
in 1 Inch 

Strain- 
% Reduction Hardening 

in Area Exponent 

25 
190 
400 
600 
610 
650 
710 
740 
800 
810 
850 
900 
950 

1010 
1095 
1115 
1200 

64.9 
47. 1 
35.3 
29.4(a) 

30.7 
31.7 
29. 5 
30. 1 
30. 2(a) 
28. 1 
29.3 
28.9 
29. 9 
27. 5 

~22. 9(b> 
"23. 5(b) 
"22.l(b) 

(a) Ai coated and annealed in air 50 hr 1370 C. 

(b) Pin or grip failure. 

64.9 
64. 0 
53. 1 
48.4 
49.3 
49.5 
45. 5 

•- 45.4 
43. 5 
39. 7 
41.4 
43. 1 
44.4 
40.8 
39. 1 

>36. 1 
>32. 5 

0.2 
23 
24 
12 
15 
11 
10 

9 
3.2 
2.7 
2.9 
2.8 
4. 6 
6.2 

14 
>4 
>7 

0. 2 
81 
81 
40 
41 
25 
20 
14 
3.2 
2.7 
2.9 
2. 8 
4. 6 
6.2 

18 
>4 

0.08 
0. 15 
0. 18 
0. 17 
C. 16 
0. 17 
0. 17 
0. 17 
0. 17 
0. 17 
0. 16 
0. 16 
0. 16 

69 
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TABLE 12. SUBSTRATE TENSILE PROPERTIES OF Cb-752 SHEET TESTED IN 
AIR AT A STRAIN RATE OF 100 PER MINUTE 

Substrate 
Thickness, 

mils 
Temperature, 

C 

0. 2% 

Yield 
Strength, 
1000 psi 

Ultimate 
Tensile 

Strength, 
1000 psi 

% O' 
,0 

Elongation 
in 1 Inch 

Strain- 
Reduction Hardening 

in Area Exponent 

Uncoated 

30 
30 

100 
100 

25 
25 
25 
25 

79.6 
84. I 

77.3 

90. 1 
89. 5 

87. 6 

22 
23 
27 
28 

73 
a 
70 
73 

0. 04 
0. 03 

0. 03 

Cr-Ti-Si Coated 

100 
100 
100 
100 
100 
30 

300 
600 
910 

1000 
1015 
950 

40. 8 
31. 3 

37. 7 

54. 6 
45. 0 

55. 9 

24 
25 
18 
17 
17 

8 

83 
82 
75 
71 
73 
56 

0. 11 
0. 16 

0. 19 

70 





TABLE 14. SUBSTRATE TENSILE PROPERTIES OF Cr-Ti-Si COATED 30-MIL 
Cb-10W SHEET TESTED IN AIR AT A STRAIN RATE OF 0. 1 PER 
MINUTE 

Ultimate 
0. 2% Offset Tensile 

Temperature, Yield Strength, Strength, 
C 1000 psi 1000 psi 

Strain- 
% Elongation % Reduction Hardening 

in 1 Inch in Area Exponent 

25 
25 

100 
195 
300 
400 
500 
600 
650 
700 
750 
800 
850 
900 
950 

1000 
1050 
1100 

40. 5 
41.4 
34. 2 
27.6 
23.3 
18. 8 
17.4 
17.7 
16.6 
16. 5 
14. 8 
16.6 
15. 9 
15. 1 
14. 1 
14. 6 
14. 0 
13.7 

59.0 
59.4 
53. 1 
45.6 
40. 5 
34. 0 
30. 2 
26. 9 
24. 9 
23.4 
21.7 
21.0 
21.0 
20. 0 
19.6 
19.2 
19.6 
19.8 

19 
17 
16 
18 
16 
17 
11 

9 
6.2 
5. 1 
3.8 
3. 2 
2.7 
1.9 
2. 5 
2. 3 
4.7 

12 

61 
59 
63 
59 
66 
40 
15 

9 
6.2 
5. 1 
3. 8 
3.2 
2.7 
1.9 
2. 5 
2. 3 
4.7 

15 

0. 12 
0. 12 
0. 15 
0. 19 
0. 20 
0. 24 
0. 24 
0. 16 
0. 16 
0. 16 
0. 18 
0. 13 
0. 14 
0. 14 
0. 13 
0. 12 
0. 11 
0 10 

72 



TABLE 15. SUBSTRATE TENSILE PROPERTIES OF Ag-Si- Al-Mo COATED Cb-752 
SHEET TESTED IN AIR AT A STRAIN RATE OF 0. 1 PER MINUTE 

Temperature, 
C 

25 
200 
400 
600 
700 
750 
800 
800(a) 
900 
900(b) 
900U) 

1000 
1100 

900 

Ultimate 
0. 2% Offset Tensile 

Yield Strength, Strength, 
1000 psi 1000 psi 

% Elongation % Reduction 
in 1 Inch in Area 

30-Mil Sheet 

72.5 87.6 6.5 
54.6 77.1 12 
39.2 65.0 10 
35.7 54.5 5.6 
33.4 49.0 2.4 
31.4 48.1 2.0 
34.2 56.7 4.6 
32.1 56.1 7.6 
31.4 56.9 7.5 
29.7 53.9 5.9 
34.2 57.0 3.4 
29.8 51.4 12 
29.3 42.6 9 

H39-MÍ1 Sheet 
’N 

23.5 52.7 11 

6. 5 
37 
22 
15 
2.4 
2. 0 

4.6 
7.6 
7. 5 
5.9 
3. 4 

20 
17 

21 

Strain- 
Hardening 
Exponent 

0. 07 
0. 12 
0. 16 
0. 19 
0. 17 
0. 22 
0. 19 
0. 21 
0. 22 
0. 22 
0. 20 
0. 20 
0. 13 

0. 21 

(a) As oated and annealed ui situ 4 hours 1100 C, then cooled to test temperature. 

(b) As coated and annealed in situ 1 hour 1100 C, then cooled to test temperature. 
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