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FOREWORD

The work described in this report was carried out by personnel of the Astronuclear
Laboratory and the Research Laboratories of the Westinghouse Electric Corporation under
USAF Contract AF 33(616)-6258. This contract was initiated under Project No. 7351,
"Metallic Materials", Task No. 735101, "Refractory Metals". The contract was admin-
istered under the direction of the Materials Central, Directorate of Materials and Processes,
Aeronautical Systems Division, with Lt. W, E. Smith and Mr. J. T, Gow serving as project

engineers,

This report describes the results of reseaich conducted during the period 1 January
1962 to 1 March 1963.




ABSTRACT

The influence of carbon additions on the properties of a complex columbium alloy,
Cb-10W-5V~1Zr (B-77), was Investigated, Carbon additions of 0.077 and 0.15 w/o refined
the as-cast grain size and increased hardness For fhe conditions of heat treatment investigated,
the carbon level had no effect on the 1205 °C (2200 °F) stress rupture strength of B-77, but the
carbon containing alloys had higher rupture strains thar fcw, carbon B-77. Heat treatment studies
did not show any evidence of precipitation hardening effects, however solution annealed and
cold rolled B~77 + 0,15 C material gave.significantly higher hot hardness values than solution
annealcd material, suggesting that carbide precipitation on dislecations was contributing to
high temperature sfrangth Preliminary data showed grain boundary sliding occurred in B-77
during creep testing at 1205 °c (2200 °F).

The Cb rich corner of the Cb-V-Mo ternary system was studied by means of metallo~
graphy, lattice parameter measurements, and melting point determinations. The system was
single phase under all conditions of heat treatment. . Classical precipitation hardening behavior
was exhibited by Cb-Hf-N and Cb=-W-Hf-N alloys. The precipitation of HfN constituted the
hardening mechanism in these alloys. The effect of heat treatment in high temperature strength
was evaluated by means of hot hardness measurements. The hot hurdness values for these alloys
were much superlor to those of B~66 at tempsratures up to 1315 °c (2400 F)

This technical documentary report has been reviewed and is approved.

OQ.QM

{. PERLMUTTER

Chief, Physical Metallurgy Brancr.
Metals and Ceramics Dlvision

AF Materials Laboratory
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I, INTRODUCTION

This report summarizes research conducted on columbium alloys during the period
1 January 1962 to 1 March 1963. The work described in this report is an extension of
earlier research (1 January 1956 through 31 December 1961) described in WADC-TR-57-344,
Parts 1, Il, IV, V,and VL. 1, 2, 3, 4, 5.

At the present time, a number of attractive columbium alloys are being evaluated for
appiicaiions in the nuclear and aerospace fields. However, considerable interest exists in the
development of higher strength columbium-base alloys which possess adequate fabricating
characteristics. In particular, attention is being focused on alloys optimized with respect to
creep strength rather than short time tensile properties. It is apparent that significant improve-
ment in refractory metal alloys will largely be realized through a better understanding of the
physical metallurgy of the alloy systems. Studies of strengthening mechanisms, with emphasis
on dispersed phase strengthening effects, must be extended to provide the fundomental backgrour
necessary to fully realize the potential of refructory metals as high temperature structural materi

The present investigation was undertaken primarily to explore the effects of dispersed
phases on the properties of several columbium alloys. In an earlier phase of this program>,
studies of the effect of oxygen, nitrogen and carbon additions on the microstructure and prop-
erties of Cb-HFf and Cb-Zr alloys were conducted. The objective of this prior study was to
provide data concerning the interaction of Group Va solute elements with interstitial additions.
In the present program, research was extended to estublish the effect of com:ssition and prior
thermal-mechanical treatments on carbon containing B-77 \Cb=-10W-5V-12r: and Cb-Hf-N
alloys. In addition, earlier work on the constitution of the Cb rich corner of the Cb-V-Mo
rernary system was completed.

Manuscript released by the authors 1 April 1963, for publication as a WADC Techn,cal Report




1l. GENERAL EXPERIMENTAL PROCEDURE

Alloy Pregcrchon. All of the alloys were prepared by either AC consur.able
electrode arc melting in vacuum, or by conventional DC non-consumable arc melting
in an argon atmosphere. For the consumable electrede melting, high purity electron
beam melted columbium, having a total interstitial impurity level less than 15C ppm
was used as the starting material. The chemical analyses of the various lots of colum-
bium are listed in Table 1. Alloy additions were of good commercial purity. The
source and form of the alloy additions are given in Table 2.

Ingot brec*down was accompl ished by Dynapak exirusion or by forging.
Secondary working Jas by rollmg in all instances. When rollirg at temperatures above
approximately 260 °C (500 °F) was required, the ailoys were jacketed in stainless steel,
and the assembly was evacuated and then sealed off. Detailed descriptions of the pro-
cessing procedures used for particular alloys are listed in the appropriate subsequent
sections of this report.

Heat Treatment. High temperature annealing (to 2200 °C) was accomplished
in either a vacuum induction furnace or a tantalum tube resistance furnace. In the induction
furnace the samples were wrapped in columbium foil and placed in a molybdenum susceptor.
Temperature readings were taken with a calibrated optical pyrometer through a Pyrex sight
port located above the susceptor. Corrections were made for emissivity and the transmittance
of the Pyrex. Three different cooling rates were used in this furnace. Furnace cooling merely
involved turning off the power and allowing the samples to cool in the susceptor. The speci-
mens cooled to below red heat in less than three minutes. Radiation cooling involved turning
off the power and simultaneously removing the samples from the susceptor by «:eans of a wire
actuated through a vacuum seal. Using this technique, specimen cooling wa: ~uite rapid
dropping below red heat in less than a minute. Finally, somples were quenched by dropping
them from the hot zone onto a copper plate externally cooled with liquid nitrogen. Samples
annealed in the tantalum tube furnace were also quenched in the same manner. Temperatures
were also measured by an optical pyrometer. All annealing was done in vacuum at pressures
below 5 x 1073 Torr. Both furnaces incorporated liquid nitrogen traps to minimize back
diffusion of pump ofl. Periodically, pure recrystallized columbium samples were annealed in
the furnaces to determine if minor contamination was occurring during heat treatment.
Microhardness traverses of the check samples showed no evidence of contamination,

Mechanical Property Testing. Sheet tensile specimens, 0.050 inch thick, having a
1~inch gage length and a 0.250-inch gage width were used for most of the mechanical
property testing. Low temperature tensile tests were conducted in a "hard" tensile mochine
of the type described by Manjoine, Wessel, and Pryle.® All tests were run at a stroir. rate
of 1 x 10-3 sec™! (360%/hr) and the load and deformation were recorded outograph- =%
Temperatures below ambiant were obtained using the technique of Wessel and Olleran.”
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TABLE 2 - Source and Form of Alloy Additions

Alloying Element

Form

Source

Carbon
Hafnium
Tantalum
Tungsten
Vanadium

Zirconium

Graphite Cloth
Crystal Bar
Powder

Sheet

Sheet

Crystal Bar

National Carbon
Westinghouse

National Research Corporation
Fansteel

Haynes Stellite

Foote Mineral




Bend tests were made on specimens 1 inch long, 0.250 inch wide, and 0.050 inch thick, using
a bend deflection rate of 0.1 in/min. The samples were tested with the bend axis perpendicular
to the rolling direction.

Elevated temperature tensile and stress rupture tests were carried out in spring machines
similar to those described by Lawihers ana Manjoine.® The heating unit was a tungsten wound
furnace located within an Inconel vacuum chamber. Pressure during testing was generally well
below 1 x 104 Torr. The gage length of the specimen was ioosely wrapped in columbium foil
to minimize contamination. The strain rate was maintained at 1 x 103 sec '], the same as
that used for the low temperature tests,

Hot Haréness Testing. Hot hardness tests were conductad in a vacuum hot hardness
machine utilizing a sapphire pyramid indenter mounted in a molybdenum extension shaft.
The furnace is a cylindrical chamber 1-1/2 inches in diameier and 6 inches long, heated by
Mo resistance elements. Tantalum radiation shields surround the furnace assembly. The
sample rests on a molybdenum anvil located inside the furnace. Temperature is measured by
means of Pt + Pt/Rh thermocouples placed inside the furnace in close proximity to the test
specimen. To carry out testing, a series of samples are placed on a loading tray, The system
is then evacuated and the furnace power turned on. After stabilizing the furnace at the
desired test temperature, a sample is inserted into the hot zone of the furnace by means of
a push rod actuated through an O-ring seal. The specimen is stabilized on the anvil inside
th: furnace for 15 minutes. Hardness impressions are then made, ond the sample is removed
from the furnace hot zone by means of the push rod and the next specimen inserted. At
the termination of a run, the specimens are removed from the machine and the impressions
measured. The samples are then reloaded and the next series of hardness impressions made.
The load on the indenter is generally 2,5 kg. Pressure during testing is maintained below
5 x 103 Torr, and a liquid nitrogen cold trap is incorporated in the pumpin~ sysiem to
minimize back diffusion of pump oil. A photograph of the hot hardness tester with its as-
soclzted controller and power suppiy is shown in Figure 1.

Electron Metallography and Phase Identification. Data on the distribution and
structure of dispersed phases were obtained using extraction replicas. Samples were
polished and etched using standard metallographic procedures. A carbon film was vapor
deposited on the surface of the sample, which was then etched in a 16% Bro ~ CH3 OH
solution containing 10% tartaric acid until the carbon film could be floated off. Electron
transmission micrographs and selected area electron diffraction patterns were obtained
from the extraction replicas. All diffraction patterns were calibrated with Al as a standard.
A thin layer of aluminum was vapor deposited on part of the specimen. Dispersed phases
were also extracted from the matrix using the bromine-methanol=tartari¢ acid solution4 and
the extracted residues indentified by x-ray analysis using the Debye-Scherrer technique.




FIGURE 1 - VACUUM HOT HARDNESS TESTER




fl. INFLUENCE OF CARBON ADDITIONS ON THE PROPERTIES OF B-77
Introduction

Strengthening of refractory metal afloys by carbide dispersions is an orez of
active investigation at the present time. Chang has studied the effect of carbide
dispersions on the mechanical properties and microstructure of both molybdenum-base
and columbium-base alloys.? In the presence of interstitial elements the complex
Cb-base alloys F-48 and F-50 exhibit typical precipitation hardening phenomena. The
precipitation of a Zr-rich (Zr, Cb) C monocarbide constitutes the strengthening mechanism
in these alloys. In the Mo-TZC alloy Chang has shown that strain induced precipitation
of TiC has a very pronounced effect on high temperature strength. Recent studies "7
have shuwn that caibon additions have a significant strengthening effect in several
tantalum base alloys.

In the present investigation the effects of carbon additions on the properties
of a fairly high strength solid solution alloy, B-77 (Cb-10W-5V-1Zr), were evaluated.
The objective was to determine the influence of carbon level and prior mechanical and
thermal history on microstructure and mechanical properties. High purity columbium was
used as the base material in preparing the B~77 alloys to eliminate, insofar as possible,
the complexities introduced by the presence of other interstitial elements. Two carbon
levels, selected to provide carbon contents slightly deficient and slightly in excess of
that required to provide stoichiometric ZrC were investigated.

Melting and Fabrication

Four heats of B-77 of varying carbon content were prepared by AC consumable
electrode arc melting. High purity electron beam melted columbium was cold =siied
to 3/4" wide strip. Vanadium, tungsten, and zirconium sheets of the appropriui. thickness
weie sandwiched between the columbium strip, and the assembly was riveted together with
Cb rivets to provide electrodes for melting. Carbon wes added by placing the proper quan-
tity of high purity graphite cloth in the electrode assembly. The electrodes were melted into
a 1-7/8 inch diameter water-cooled copper mold, at currenis ranging from 2300 to 2800
amps. Arc voltage varied from 24 to 28 volts. With AC power, electrode melting is quite
uniform even when composite electrodes containing elements of widely differing melting
points are used. The uniform "melt off" and vigorous stirring action in the molten pool
provided very homogeneous ingots with only a single AC melt.

The chemical analyses and as-cast hardness of the four B-77 ingots are listad in
Table 3. Heats VAM-57 and VAM-68 were prepared, without intentional carbon addi-
tions, to provide reference data on low interstitial B-77. The nominal carbon contents
of heats VAM-61 and VAM-69 were 0.075 w/o and 0.15 w/o respectively. As con
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be seen from Table 3, recovery of carbon was excellent. The oxygen and nitrogen levels
of all the heats were verv iow. The low interstitial heat VAM-68 had somewhat higher
tungsten and zirconium concentrations than the other alloys in this series. The hardness
data listed in Table 3 show that carben additions significantly increase the as-cast hardness
of B=77. Sections of the as-cast ingots were polished and macro-etched to reveal the ingot
structure. Figure 2 shows the rather pronounced effect of carbon in refining the as-cast
grain size,

One-inch thick sections were taken from each of the > ingots and upset forged.
The first low interstitial heat (VAM-57) was forged at 1095 °C (2000 °F) to 50%
reduction iu thicknes. The forged plate was conditioned and recrystallized ty anneal-
ing 1 hour at 1480 “C (2706 °F) in vacuo. The recrystallized material was then rolled
at 260 °C (500 F) to 0.05 inch sheet wnth excellenf results. The remaining portion of
heat VAM-57 was side forged at 1205 OC (2209 °F), but considerable edge cracking
occurred, However, after condit ioning and stress-relieving, good quality sheet was
obtained from this portion of the ingot. The detailed processing history of VAM-57
is shown in the flow chart of Figure 3.

The second low interstitial ingot (VAM=-68)wasalso upset forged at 1205 °C
(2200 °F) with very good resulis. The forged slab was then glven a stress-rellef anneal
of 1 hour at 1095 °C (2000 °F) and subsequently rolled at 260 °C (500 °F). However,
a longitudinal split occurred after the first several ro|||ng passes. The material was con=
ditioned to remove the defect and re-rolled at 260 °C without duff‘culty. The remain-
ing portion of VAM=68 was Dynapak extruded to sheet bar at 1650 °¢ (3000 °F), using
an extrusion ratio of 4:1. The extrusion techniques were the same as those described in
an eurller report,” The sheet bar was conditioned, stress~relieved 1 hour at 1225 °C
(2200 F) and rolled at 260 °C (500 °F). Lateral cracking occurred after 12% r=duction,
henrce rne slab wus—recondmoned canned in an evacuated stainless steel jacket, and
rolled at 1095 °C (2000 F) Rolling characteristics at the higher temperatures were
satisfactory, but the stainless steel can fractured after 37% reduction and rolling was
terminated at this point. The poorer fabricating characteristics of heat VAM=68 are
evidently a reflection of its higher zirconium and tungsten content. The processing data
of this heat are summcrized in Figure 4.

A one-lnch thick sechon of the B-77 + 0.077 C heat (VAM=61) was also upset
forged at 1205 °c (2200 F) with good results However, it was necessary to can the
forged slab in stainless steel and roll at 1095 °C (2000 F) to provide sheet stock. The
remaining portion of this ingot was Dynopak extruded to sheet bar at 1540 °C (2800 °F),
using established procedures. The extruded material was successfully rolled to sheet as
outlined in Figure 5.

Considerable difficulty was encountered in upset forging the high cathon B-7/
ingot (VAM-69) and the ultimate yield of sheet was fairly low. The rem Ining poriicn
of this ingot wos also Dynapak extruded to sheet bar which was subsequently rolled to
sheet stock, The detailed processing history is shown in Figure 6.
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FIGURE 2 - MACROSTRUCTURE OF B-77 ARC MELTED INGOTS, AS CAST, 2X

10




be seen from Tcble 3, recovery of carben was excellent. The oxygen and nitrogen levels
of all the heats were very low. The low interstitial heat VAM=-68 had somewhat higher
tungsten and zirconium concentrations than the other alloys in this series. The hardness
data listed in Table 3 show that carbon additions Significantly increase the as-cast hardness
of B=77. Sections of the as-cast ingots were polished and macro-etched to reveal the ingot
structure. Figure 2 shows the rather pronounced effect of carbon in refining the as~cost
grain size,

One~inch thick sections were taken from each of the mgots and upset forged.
The first iow inteistitial heat (VAM=57) was forged at 1095 °C (2000 °F) to 50%
reduction in fthkl"ebS The forged plate was conditioned and recrystallized by anneal~
ing 1 hour af 1480 °c (2700 F) in vacvo. The recrystallized matarial was then rolled
at 260 °C (500 °F) to 0.05 inch sheet wnfh excellenf results. Tke remaining portion of
heat VAM-57 was side forged at 1205 °c (2200 F), but considerabie edge cracking
occurred. However, after condit ioning and stress-relieving, good quality sheet was
obtained from this portion of the ingot. The detailed processing history of VAM-57
is shown in the flow chart of Figure 3.

The second low interstitial ingot (VAM-68) wasalso upset forged at 1205 °C
(2200 °F) with very good results The forged slab was then glven a stress-relxef anneal
of 1 hour at 1095 °C (2000 °F) and subsequently rolled at 260 °C (500 °F). However,
a longitudinal split occurred after the first several rollmg passes. The material was con~
ditioned to remove the defect and re~rolled at 260 °C without dlff‘culfy The remain=-
ing portion of VAM-68 was Dynapek extruded to sheet bar at 1650 °c {3000 °F), using
an extrusion ratio of 4:1. The extrusion techniques were the same as those.described in
an ecrher report. 4 The sheet bar was conditioned, stress-relieved 1 hour at 127> “C
(2200 °F) and rolled at 260 °C (500 F) Lateral cracking occurred after 12% rcduction,
hence the slab qu-recondmoned canned in an evacuated stainless steel jacket, and
rolled at 1095 °C (2000 °F). Rolling characteristics at the higher temperatures were
satisfactory, but the stainless steel can fractured after 37% reduction and rolling was
terminated at this-point. The poorer fabricating characteristics of heat VAM-68 are
evidently a reflection of its higher zirconium and tungsten content. The processing data
of this heat are summarized in Figure 4.

A one-mch thlck section of the B-77 + 0,077 C heat (VAM-61) was also upset
forged at 1205 °c (2200 F) with good results However, it was necessary to can the
forged slab in stainless steel and roll at 1095 °C (2000 °F) to provide sheet stock, The
remcunmg portion of this ingot was Dynapak extruded to sheet bar at 1540 °C (2800 °F),
using established procedures, The extruded material was successfully rolled to sheet as
outiined in Figure 5.

Considerable difficulty was encountered in upset forging the high carbon B-7:
ingof (VAM-69) and the ultimate yield of sheet was fairly low. The remuining portion
i this mgot was also Dynapak extruded to sheet bar which was subsequently rolled to
sheet stock, The detailed processing history is shown in Figure 6,




B-77+0.15C
{VAM-69)

=17 + 0.0056 C
(VAM 57)

B

=171 +0.0717 C
61)

B

(VAM

FIGURE 2 - MACROSTRUCTURE OF B-77 ARC MELTED INGOTS. AS CAST, 2X

0

1




£S WVA 1V3H “££-9 IVILILS¥IINI MOT 4O ONISSIDO¥d - € JNOIS

NOILONA3Y % 28 ADIHL
«150°0 Ol 4, 005 1V 43110y

NdA 7t
SSINGYVH
NOILONA3Y % €€ NdA 692
¥314V GIOVED [ SSINGYVH
4,005 1V Q310Y 4, 000z 1V
¥H | Q3A313Y
-SSIMLS ¥ [ NOIDONAIY % £L
NOILoNa3y QaINOILIGNOD3Y | | 4, 005 LV 43110
% 9€ ¥ILV
"ONO1 117dS

3o 008 Lv G3T10¥ NOMONAY % £

ADIHL « §90°0 OL

4, 0042 LV ¥NOH 1
G3TVINNY ® GINOILIGNOD

NOIIDNQ3Y % 08
ADIHL 49500 OL

NaA <tz 4, 00§ b.q Q37170 4, 00§ ._.<. a31103
SSINQYVH ‘4, 002 1V T
dNOH | @ITVINNY NdA 25 SSINQIVH .u_o 0002 LV "dH |
® GINOILIGNOD Q3A3N3Y-SSIYLS 2 QINOILIGNOD

NdA £9Z SSINQYVH Q3IOY04 SV

NOILONA3Y % 05 4, 0002 LV
a3oy0d 135dN QILVOD SSV1O
ol X u8/2 1 137718 ONIOYOS

1

NdA Z/Z SSINGIVH Q3IOY0d SV
ONDBIDVYD 3943 3¥2A3S

4, 002Z 1V Q3DYOd 3qis

g3LlvoD SSY19 '$8164°C “1m 131118
WOl/Z €X ¢ w8/z L 137118 ONIOYOS

NdA 1£Z SSINGAVH ISVD SV
Ww/E v xda 8/z 1 3ZIS LOONI
$814°S 1M LOONI

QT1OW ¢ . 8/Z | ‘QILTIW D¥V
WNNDVA D'V J1ONIS

1




SINGLE A.C. VACUUM ARC
MELTED, 1 7/8 * ¢ MOLD
INGOT WT. 5.0 LBS.

INGOT SIZE 17/8 " ¢ x 43/8"

DYNAPAK EXTRUDED

AT 3000 “F -

4:1 REDUCTION

BILLET WT. 2.25 LBS.

AS EXTRUDED HARDNESS
253 VPN

CONDITIONED AND
STRESS—RELIEVED 1 HR.
AT 2200 °F 251 VPN

ROLLED AT 500 °F
LATERAL SURFACE
CRACKING AFTER
12 % REDUCTION

CONDITIONED AND
CANNED [N STAINLESS
STEEL

ROLLED AT 2000 °F
CAN FAILED AFTER
37 % REDUCTION

|

FORGING BILLET 1 7/8 " x 1 "
GLASS COATED

UPSET FORGED AT 2200 °F

56 % REDUCTION

AS FORGED HARDNESS

298 VPN

CONDITIONED AND
STRESS-RELIEVED 1 HR.
AT 2000°F

ROLLED AT 500 °F-SPLIT LONG.
RECONDITIONED & RE-ROLLED
AT 500 °F 51 % RLDUCTION
319 VPN

CONDITIONED AND STRE%S-
RELIEVED 1 HR. AT 2000 F
269 VriN

ROLLED AT 500 °F TO
052 " THICK

75 % REDUCTION

AS ROLLED MARDNESS
352 VPN

FIGURE 4 - PROCESSING OF L.OW INTERSTITIAL B-77, HEAT VAM 48

12




19 WYA LV3H ‘D6£0" + ££-9 4C ONISSIDOYd - § 3N

NdA 99€ SSINGIVH 431103
SV NOIIDNA3Y % §°99
ADIHL « 850°0

OlL 4, 000t LV 437110%¥

NdA 262 SSINGIVH
4,000 iV "¥H 1 Q3A3IY
-SSIYLS ¥ QINOILIGNOD

NdJA 60€ SSINQYVYH
NOI11ONA3Y % 09 Y314V
a3V NVD 4, 0012 LV

437109 1331S SSITNIVLS NI
GINNVD ® GINOILIGNOD

NOI1ONA3Y % ¥£ ‘u 590" OL
4, 001 1V @3170¥ ANV

GINNVD ‘GINOILIANGDIY

334S SSIINIVLS NI

3,00z 1v 4317049 1331S

NONDONQ3Y % ¥ NOQUDONA3IY % §°Lt
43134V Q371vd NVO SSvd
1S31d NO CaMdOVId
SSITINIVLS NI Q3INNVO 4, 0001 Lv Q371104

NOILONA3Y % €2 SSvd
1S3ld NO a3NOVid'd, 00
1v Q31104 4, 00£C 1V "¥H 1
Q3TVINNY 2 GINOILIANOD

NdA §62 SSINGEVH-4, 0002 1V "4H |

Q3A31734-SSIYLS 2 GINOILIGNOD

NdA YEE SSINGYVH QIDYOd SV
NOIIDNG3Y % 0S ‘4 0002 1V

GIO¥OS 13SdN Q3LVOD $SV1D

w % u8/Z L S137118 ONIDYOd OML

NdA 61€ SSINQ¥VH G3aN¥LX3 SV
‘5871 §°1 "Im 1371718

w8/ 1 % w8/ 1 3ZIS 1378
¥ve 133HS-NOIIONGAIY 13¢

4, 0082 LV Q3ANY¥LX3 HVAVNAQ

NdA $9Z SSINQYVH LSVD SV

W ¥/LS%XQ w8/t 1 321S I0ONI
‘GIL1IW DIY WNNDVA D'V J1ONIS

'S87 6°6 "IM 10ONI

13




® x 4 5/8"

SINGLE A.C. VACUUM ARC MELTED,
17/8" ¢ MOLD INGOT SIZE 1 7/8"

INGOT WEIGHT 5.2 LBS.
AS CAST HARDNESS 313 VPN

1

INCOMPLETE DYNAPAK EXTRUDED
AT 2800 °F AT 4:1 REDUCTION
BILLET SIZE 1 3/4" {x 1 3/4"
BILLET WT. 1.3 LBS.

AS EXTRUDED HARDNESS 343 VPN

FORGING BILLET—1 3/4" ¢ x 1"
GLASS COATED

UPSET FORGED AT 2200 °F

38 % REDUCTION

AS FORGED HARDNESS 364 VPN

CONDITIONED AND STRESS-RELIEVED
1 HR. AT 2200 °F HARDNESS 297 VPN
CANNED IN STAINLESS STEEL

CONDITIONED c’AND STRESS-RELIEVED
1 HR. AT 2000 F
CANNED IN STAINLESS STEEL

ROLLED AT 2100 °F CAN FAILED AFTER
31 % REDUCTION
HARDNESS 306 VPN

-

ROLLED AT 2100 °F CAN FAILED AFTER
64 % REDUCTION
HARDNESS 342 VPN

CONDITIONED AND CANNED IN
STAINLESS STEEL o
ROLLED AT 2100 “F TO.065 "

RECONDITIC‘NE})) STRESS-RELIEVEDR
1 HR. AT 2000 “F HARDNESS 322 VPM

ROLLED AT 1000 °F 62.5 % REDUCTION
HARDNESS 371 VPN

——— = oot

FIGURE 6 - PROCESSING OF B-77 + 0,15C, HEAT VAM 69
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Effects of Heat Treatment

Heat treatment studies were undertaken to determine if the carbon containing
B-77 alloys would exhibit the response to solution annealing and aging treatment
typical of precipitation hardened alloys.

Solutioning and Aging Reactions, Sections of the upset forged slabs of heats
VAM-57, 61, and 69 were solution annealed 4 hours at 1800 °C in vacuum at pressures
below 5 x 1073 Torr. The specimens were cooled by turnirg off the furnace power and
allowing them to cool in the molybdenum susceptor. The time to coo! below red heat
was apgroximately 3 minutes, The photomicrographs of Figure 7 show that the alloys
of low and iarermediate carbon content were single phase in the solution treated condi-
tion, The B-77 + 0.15 C alloy showed some grain boundary precipitation plus a rela-
tively minor amount of precipitate within the grains, Subsequently, samples of the
solution treated material were aged 2 hours at 1200 °C and 2 hours at 1400 °C. The
microstructures of the low carbon heat (VAM-57), Figures 8 and 9, show that it was
single phase after aging as would be expected of the low interstitial material. The alloys
of |ntermed|ote and high curbon content exhibited fairly extensive precipitation after
aging at 1200 °C and 1400 °C. The precipitate appeared to be confined largely to sub-
boundaries. Room temperature hardness data showed essentially no difference between
the hardness of the solution annealed and the solution annealed and aged alloys. The
hardness values in all conditions of heat treatment were essentially the same as those
of the as-cast ingots listed in Table 3.

In order to investigate heat treatment effects in the B-77 alloys in more detail,
0.05 inch thick sheet material of each alloy was solution annealed 2 hours at 1800 ~C.
The solution treoted samples were subsequently aged 1 hour at temperatures ra- "'mg
from 600 to 1400 °C. The effect of aging temperature on the hardness of the &-77
alloys is shown in Figure 10. The hardness data showed no evidence of an aging reaction.
Metallographic examination of the aged samples showed the lcw carbon B-77 heat to
be single phase after aging. The B~77 + 0. 077 C heat (VAM-61) showed carbide pre~
cipitation only after aging 1 hour at 1400 °C, the highest aging temperature investigated.
The precipitate was confined lorgely to sub- boundunea The 0.15 C alloy showed evidence
of precipitation after the 1200 °C and 1400 °C agirg treatmenis. As noted previously, the
high carbon B-77 contained a reluhvely small amount of graln boundary precipitate fol-
lowing solution annealing at 1800 °c. During aging at 1400 °c grain boundary precipita-~
tion became more extensive. This was accompanied by precipitation within the grain
volumes. However, as shown in Figure 10, precipitation was accompanied by only a slight
decrease in room temperature hurdness Sections of the solution annealed alloys were also
aged 9 hours at 800 and 1200 °C. Hardness data for these samples are listed in Table 4,
which includes comparative hardness values for the solution annealed and the onc hou  aged
coiditions. As shown in Table 4, aging for longer times at 800 and 1208 “C had ne - «ni
ficant effect on the hardness of heats VAM-57 and 61. The high carbon alloy, VAM-49,
showed some softening when the aging time was increased from 1 to 9 hours at 1200 "C,
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TABLE 4. EFFECT OF HEAT TREATMENT ON THE HARDNESS OF B-77 ALLOYS

1800°C + 9 hours at
1200°C

Hardness (VPN)
Condition VAM-57 VAM-61 VAM-69
(B-77, low carbon) (8-77 + 0.077C) (B-77 + 0.15C)
. As-cast 231 265 313
Annegled 2 hours at 239 276 286
1800°C
. Annealed 2 hours at 247 276 300
180g°c +1 hour at
800°C
X Annegled 2 hours at 234 270 285
1800°C + 9 hours at
800°C
Annealed 2 hours at 237 276 282
1800°C + 1 hour at
1200°C
Annealed 2 hours at 236 267 267
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The lack of response to aging of the carbon containing B-77 is quite different
than the results obtained by Chang? on the F-48 alloy (Cb-15W-5Mo-1Zr-0.1C).
Chang observed a moderate but distinct hardness peak in F-48 aged 1 hour at 1205 ~C
(2200 °F), foliowing solution annealing at 1925 and 2205 °C (3500 and 4000 “F). F-48
and B-77 are essentially similar, in that they are solid solution alloys containing Zr
and C. The obvious differences between the two alloys are the presence of 5§ w/o V
in B-77 and the fact that Chang's material contained approximately 0.03 w/o oxygen
and nitrogen in addition to carbon. Earlier work in this program® indicated that vana-
dium increases the solubility of carbon in columbium. if it is assumed that the carbon
solubility is greater in B-77 than in F-48, then the supersaturation at any given temperature
(at equivalent cerbon content) is less in B=77, The stable precipitate nucleus size depends
on the degree of supersaturation, the stable nucleus size decreasing with increasing
supersaturation, Thus, in B-77 the precipitate nuclei would be larger than in F-48.
Continued aging of the alloys would favor fewer, larger precipitates in B-77 with
respect to F-48, The larger precipitates and their smaller volume fraction would pro-
vide much less effective strengthening in B=77. The other factor which may contribute
to the difference in aging behavior of the two materials is the much higher oxygen and
nitrogen level of Chang's F-48. The presence of other interstitials could modify the
carbide morphology by effects on carbon sclubility in the matrix, and by substituting
for carbon in the monocarbide precipitate.

The carbon containing B-77 alloys (heats VAM-61 and 69) are supersaturated
with respect to carbon at the aging temperatures investigated (600 to 1400 c'C), as
witnessed by the carbide precipitation observed metallographically after aging at the
higher temperatures. However, precipitation appears to be confined to grain boundaries
and subgrain boundaries, with no accompanying effect on room temperature t:zrdness.
Earlier work® on Cb-Hf-C and Cb=Zr~C alloys showed that cold working prier o aging
resulted in precipitation hardening. effects; whereas, material solution treated and aged
without intermediate cold working showed no response to aging. Transmission electron
micrographs revealed that in the case of the cold worked and aged alloys, very small particles
precipitated on dislocations. The alloys aged without prior working exhibited considerably
larger precipitates,which were ineffective strengtheners. In view of these results, it was
decided to plastically deform the B-77 alloys prior to aging to determine if cold working
would provide more favorable sites for precipitate nucleatior, end thus promote finer
precipitates within the grain volumes. Consequently, small sections of sheet from heats
VAM-61 and 69 were solution annealed 2 hours at 1800 °C and rolled to 25% reduction at
260 °C (500 °F), Rolling was carried out at slightly elevated temperatures to minimize the
danger of cracking the large grained solution annealed material. The rolled material was
then annealed 1 hour at temperatures ranging from 800 to 1100 °C. Hardness data are shown
as a function of annealing temperature in Figure 11. Pronounced recovery occurred or &
result of annealing at 800 °C. Hardness decreased slightly thereafter with incicasine
cancaling temperature. However, annealing at temperatures up to 1100 °C did net resuii
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in full recovery of the solution annealed hardness. The lack of material precluded
annealing at higher temperatures. The hardness data of Figure 11 appear to merely
reflect a recovery process and show no evidence of an aging reaction, However, ¢s wiii
be shown in a subsequent section of this report, prior deformation had a substantial
effect in increasing the hot hardness of *he high carbon B-77.

Phase ldentification. Attempts were made to obtdin residues from the B-77
alloys for phase identification using bromine extraction techniques. However, insuf-
ficient material was obfcmed for x~ray diffraction analysis. Phase identification work
carried out by Cuff12 on a very similar alloy, B-66 (Cb-5V-5Mo-1Zr), revealed the
preserice of ZyC or {Zr, Cb) C. This identification was confinned by additional work
ot Wesiinghouse. As noted prev:ously, Chang? also observed a znrcomum rich (Zr, Cb) C
phase in F-48. . The monocarbide was stable below 1650 “C (3000 F), and the hexa-
gonal dicarbide above this temperature. It thus appears quite likely that the precipitate
observed in the carbon containing B-77 alloys is a monocarbide based on ZrC,

Mechanical Properties

Tensile, hot hardness, and stress rupture data were obtained for the B-77 alloys
in several conditions of heat treatment.

Low Temperature Properties. Base line tensile data for low interstitial B-77

in the recrystallized and strese-relieved condmons are hsfed in Table 5. The test
specsmens were stress-relleved 1 hour at 1095 °C (2000 °F) and recrystallized by anneal~
lrg 1 hour at 1480 °C (2700 °F). The as-recrystallized grain size wos ASTM 5. The data

of Table 5 show that in the stress-relieved condition low interstitial B-77 &ad excellent
ducfilify at temperatures as low as ~196 “C. However, in the recrystallized condition the
tensile transition temperature was approximately =100 °C. At temperatures below room
temperature the recrystallized specimens exhibited transgranular cleavage failures. Because
of limited material low temperature tensile data were not obtained for the carbon containing
alloys.

Bend ductility data were obtained for the low and intermediate carbon alloys, The
specimens were tested with the bend axis perpendicular to tiie roliing direction, Bend de-
flection rate was 0.1 inch/min. Bend transition data are listed in Table 6. Tha bend data
show that the recrystallized B-77 had a much higher bend transition temperature than the
stress-relieved material.

The B-77 +0, 077 carbon alloy in the stress-relieved condition was ductile kalow
-130 °C (200 °F).

Wessel, France, and Begiey!3 have shown a very good correlation: betwez riow
stress and low temperature hardness for pure columbium.o Consequerg' s+ low temgerature
hardness measurements were conducted in the range 25 "C to =196 ~C in order to previde
some data on the effect of carbon additions on the low temperature strength of B-77.

The low temperature hardness apparatus has been described by France, et ai.!
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TABLE 6.  BEND TRANSITION TEMPERATURE FOR B-77 ALLOYS

Bend Transition
Heat No. Composition Bend Radius Temperature Condirion
VAM-57 B-77 2t C196°C (-320°F)  Stress-relieved*
VAM-57 B-77 2t ~100°C (-150°F) Recrystallized**
VAM-61 =77 +0.077C 4t -130°C (-200°F) Stress-relieved

*Stress-relieved 1 hour at 1095 °c (2000 °F)
**Recrystallized 1 hour at 1480 °c (2700 °F)

The low temperature hardness data are plotted as a function of femperature
in Figure 12, The samples were recrystallized by annealing 1 hour at 1480 °C (2700 °F)
before testing. All the samples show the characteristic rapid increase in flow stress
(hardness) with decreasing test temperature. The hardness values increased with increasing
carbon content over the entire I’emperature range. A considerable difference in grain size
was observed in the alloys, the gram size decreasing with increasing carbon level. Since
it has been observed that grain size has no significant effect on the low femperature yield
strength of pure Cb4, and several Cb alloysJ, it may be assumed that the vuiiation in
grain size per se is not responsible for the difference in low temperature hardness values
for the sample.

Hot Hardness. Hot hardness testing was relied on extensively in this program
to provide data on the effect of compositional and thermal treatment variables on high
temperature strength properties. Earlier work had established a very good correlation
between hot hardness and tensile properties for columbium alloys Thp hot hardness -
tensile strength correlation for columbium alloys at 1095 ana 1205 °c (2000 and 2200 F-)
is shown in Figure 13. Subsequent studies have indicated the correlation to be valid over
a considerably broader temperature range than that listed above. The obvious disadvantage
of hot hardness tests is that they provide no information on ductility or fracture behavior.
However, os a screening technique they have proven to be extremely useful.
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FIGURE 12 - EFFECT OF TEMPERATURE ON THE HARDNESS OF RECRYSTALLIZED B-77
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The first series of hot hardness tests were conducted using specimens machined
from upset forged siabs of heats VAM-57, 41, and 69. Material was evaluated in these
conditions of heat treatment:

A. Annealed 4 hours at 18C0 °C and radiation cooled.

B. Annealed 4 hours at 1800 °C and radiation cooled. Aged 2 hours
at 1200 °C.

C. Annealed 4 hours at 1800 °C and radiation cooled. Aged 2 hours
at 1400 °C.

Tests were carried out in order of increasing test temperature using a 2.5 kg
load on the indenter. The data of Figure 14 show that the low carbon 8-77 (VAM-57)
had the |owesf hot hardness values over the entire temperature range 870 - 1205 °c
(1600 - 2200 °F). Pnor heat treatment had little effect on the hot hardness of low carbon
B-77 except at 1095 °C (2000 °F); where the sample, aged at 1400 °C, had somewhat
superior properties. The intermediate and high carbon alloys (VAM-6] and 69) had
fairly comparable hardness values at 1205 °C (2200 °F). However, at lower temperatures
considerable variation in hardness values was observed. The B-77 + 0.077 carbon alloy
exhibited the highest hardness values over most of the test temperature range. Aging
this alloy 2 hours at 1200 °C resulted in a significant decrease in hot hardness. Increasing
the aging temperature to 1400 °C resulted in a further shift of the hardness-temperature
curve to lower hot hardness values.

o As shown previously, aging the intermediate carbon B-77 alley at 1200
and 1400 "C resulted in the precipitation of carbides which were easily rescivable by
optical metallography. The hot hardness data show clearly that precipitation of fairly
large carbides on aging substantially lowers the elevated temperature strength of B-77.
The strength decrease presumably arises from the depletion of zirconium and carbon
from the matrix during precipitation of a zirconium rich monocarbide. In the soluhon
annealed condition heat VAM-61 exhibited high hot hardness values up to 1095 °c
(2000 F), and a rapid decrease in hardness when the test temperature wes increased to
1205 °C (2200 F) Based upon the hot hurdness - strength correlation shown in Figure 13,
the hot hardness of VAM-61 at 1095 °C (2000 °F) corresponds to an ultimate tensile
strength of approximately 75,000 psi. It is unlikely that the high strength of the solution
annealed material can be attributed entirely to solution hardening by carbon. It appears
more reasonable to suggest that carbide precipitation occurred durmg the hot hardness
testing thermal cycle, and at temperatures up to 1095 °C (2000 °F) the prec:pnotes were
still sufficiently fine to exert some strengthening. Above this temperature the preci; fiates
became larger and strength decreased rapidly, Metallograghic examination of 1he
solution annealed hot hardness specimen showed that carbide precipitation had occuired
during the testing thermal cycle.
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The high carbon B-77 (VAM-69) did not show the same behavior ¢ s the
intermediate carbon heat. The expianation for the difference is not apparent ct the
present. [t is, however, interesting to note that the only sngmflccnf deviation from the
behavior of the B-77 + 0.077 alloy is the low 1095 °c (2000 F) hardness vaiues of the
solution annealed and solution annealed + 1200 °C aged semples. If these two datc
points were shifted to higher hardness values, the same trend of decreasing kit hardness
with increasing aging temperature pertains.

Additional hot hardness data were obtaiiied on sheet materiai prepared from
heats VAM-48 (low carbon B~77) and VAM-69 (B-77 + 0.15C). As pointed oyt pre=
viously in this renait, sections of VAM=-69 solution annealed 4 hours at 1800 °C and
radiation ceoled showed a small amount of grain boundary precipitate. The sheet
material was quenched from the solution annealing temperature to inhibit grain boundary
precipitation. The high carbon B-77 was tested in the following conditions of heat
treatment:

A. Annealed 2 hours at 1800 °C and quenched.
B. Annealed 2 hours at 1800 °C and quenched. Aged 1 hour at 900 °c.

C. Annealed 2 hours at 1800 °C and quenched. Rolled to 25%
reduction at 260 °C.

The low intarstitial heat (VAM=68)was annealed 2 hours at 1800 °C and
quenched. Sheet samplec were fostened to cylindrical molybdenum mounts by means
of small pins peened in the edges of the specimens. The mounts were surface ground
to assure that the surface of the test samples was flat, and perpendiculer to e axis of
the indenter.

Hot hardness data are shown as a function of temperature in Figure 15.
The solution annealed, and the solution annealed plus aged conditions gave essentially
the same results. However, the hot hardness data shown in Figure 14 for the solution
annealed and quenched VAM-69 material gave consistently higher hot hardness
data over the entire temperature range than the radiation coc!cd samples. Further-
more, low hot hardness values at 1095 “C (2000 oF) were not observed in the quenched
material. The higher hardness values reflect the higher carbon supersaturation of ihe
quenched samples, since grain boundary precipitation did not occur on cooling from the
solution annealing temperature. The solution annealed and rolled specimen gave
much higher hot hardness results than the soluhon anneaied and solution annealed plus
aged alloys at temperatures up to 980 °C (1800 °F). Hardness decreased falrly rapidiv
above this temperature, but the data for the defomled sample ere s still significantiv
kigher than the solution annealed material at 1205 °C (2200 °E). As shown previc. siy,
pronounced recovery of hardness occurred when deformed VAM-69 weo- annzaled 1 hour
at 800 °C (Figure 11). The higher hot hardness values for the deformed B-77 alloy cannot
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be attributed merely to a strain hardening effect, since thissample was exposed to the
entire hot hardness themal cycle, which should have provided sufficient thermal
activation for recovery. |t appears quite likely that carbide precipitation on dislocations
is contributing to the high strength of the deformed B-77 + 0.15 C alloy, similar to results
obtained earlier on Cb-Hf-C alloys. Tranemission electron micrographic studies are
required to determine the interaction of precipitaies with dislocations in this alloy, but
difficulties in preparing thin films have precluded such studies to date.

Elevated Temperature Tensile Properties. Limited elevated temperature
tensile data were obtained on the B-77 alloys to supplement hot hardness tests. The
resulis are summerized in Table 7. It was initially intended to quench the carbon
containing B-77 tensile specimens after solution arnealing on o cold copper block in
order to duplicate the thermal treatment of the hot hardness specimens. However, the
available annealing furnaces were not capable of quenching a sample the size of a tensile
specimen. F}Js an alternate, helium was admitted to the furnace chamber at the conclusion
of the 1800 ~C solution annealing treatment to provide as rapid a cooling rate as possible.
The test specimens cooled to below red heat in less than 3.5 minutes.

The low interstitial B~77 tensile properties are somewhat lower than the
data reporfed originally for B~77 bar stock containing 0.06 O, 0.03 C, and 0.03
nitrogend. Tensile resulfs for the intermedicte and high carbon B-77 show a marked im~
provement in 1205 °C (2200 °F) tensile properties with respect to low interstitial B-77.
The B-77 +0.077 C alloy had the highest strength properties and excellent ductility.
The tensile strength of the high carbon material was slightly lower than VAM-61,
and the fracture strain was significantly reduced. The tensile properties of low carbon
and high carbon alloys cannot be compared directly because the low carbon ¢:2cimens
were tested in the stress-relieved rather than the solution annealed conditior. However,
the knt hardness data for solution annealed low carbon B-77 (Figure 14) indicate that the
1205 °C (2200 °F) tensile properties of the solution annealed and the stress=relieved low
carbon B-77 are essentially identical. At the present time studies of the effect of prior
deformation on the high temperature tensile properties of solution annealed B-77 + C
alloys are in progress.

Stress-Rupture Data. Stress-rupture specimens were machined from shezt
stock grepared from heats VAM-57, 61, and 69. Stress-rupture tests were carried out at
1205 °C (2200 °F) in vacuum at pressures below 5 x 10-3 Torr. Specimens were tested
in two condmons anrealed one hour at 1095 °C (2000 °F); and annealed one hour at
1480 °C {2700 °F). The 1095 °C (2000 °F) anneal did not result in recrystallization of the
carbon containing alloys. However, metallogiaphic examination of the low carbon he"f
(VAM-57) showed this alloy to be approximately 90% recrystallized after the 1095 (' anneal,
The microstructures of the material annealed 1 hour at 1480 ~C (27(:0 °F} are shown
Figure 16. The low carbon B~77 wos fully recrystallized with considerable grain g.r.wth
after this annealing treatment. The intermediate and high carbon B-77 :lloys were almost
completely recrystallized but the grain size wos quite small. [t should be noted that the
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prior working history of the three B-77 alloys was not identical, primarily because the
carbon containing heats required intermedicte recovery anneals during rolling. However;
as can be seen from the flow charts of Figures 3, 5, and 6 (for the upset forged slabs) the
low carbon B-77 heat (VAM~-57) received somewhat less total reduction prior to final
annealing than the carbon-coniaining heats. Thus, while the recrystallization charac-
teristics of the three B-77 alloys cannot be compared precisely because of the variatiors in
prior working, the data definitely indicate that carbon additions raize the recrystallization
temperature range of B-77 and refine the as-recrystzilized grain size.

Stress~rupture data for the alloys are shown in Figure 17 and summarized in
Table 8. The «“zta show, rather surprisingly, that carbon additions had no significant
effect on the stress-rupture strength of B-77 at 1205 °c (2200 0F), at least for the two
conditions of heat treatment evaluated. Furthermore, the strength dato were essentially
equivalent for both conditions of heat treatment. Significant differences were observed
in the rupture strain exhibited by the various specimens. These observations may be
summarized as follows:

1) Rupture strain was higher in the stress-relieved than the recrystallized
condition for all alloys.

2) Rupture strain increased with increasing carbon content.

3) The 2700 °F recrystallization enneal resulted in a smaller decrease
in rupture sirain, with respect to the stress-relieved condition,

the higher the carbon content.

The pronounced variation in rupture strain with prior heat treatments is
illustrated by the photograph of the fractured stress-rupture specimens (Figure 18). It
appears that the differences in rupture strain between the various alloys can be correlated
with grain size. The microstructure of the fracture area of a low-carbon B-77 specimen
is shown in Figure 19. As can be seen, the fracture is completely intergranular. Many
grain boundary fissures can be seen adjacent to the fracture area. The observed fracture
appeats to be typical of a situation where grain boundary shearing is an important mode
of deformation. The grain boundary shearing leads to the development of intergranular
fissures originating at grain boundary junctions and the eventual linking of these fractures
to cause failure. Fractures of this type are characterized by low total elongation
values. The recrystallized alloys of intermediate and high carbon content showed much
higher rupture strain at fracture than the low carbon heat (VAM-57). However, as shown
in Figure 9, the grain size of the carbon containing B-77 heats was much smaller thar
the low carbon heat. The ratio € 1/ € T (where € gb is the contribution of girin
bsundary sliding to the total creep strain, € T) has been found to increase with -
creasing grain size.!” However, the controlling factor in the failure ~f the B-77
specimens does not appear to be the total amount of grain boundary shearing, but rather the
fact that once a void or crack is initiated it usually grows to the full length of the giain
boundary on which it lies. Thus, in the laige giuined material it is easier for a fissure
network to grow and eventually connect to cause failure. An added or possibly alternative
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FIGURE 19 - MICROSTRUCTURE OF LOW CARBON B-77 (VAM-57),

ANNEALED 1 HR, AT 2700 ocf (1480 °°C) PRIOR TO STRESS
RUPTURE TESTING AT 2200 °F (1205 °C), 100X
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explanation for the greater fracture strain of the carbon containing alloys is that
carbides contribute to grain boundary strengthening.

The relationship between grain boundary shearing and the ductiiin
minima exhibited by many metals has been explored by Rhines and Wray.18 The
results of the present study, although quita limited, appear to be at least in qualitative
agreement with their observations.

Grain Boundary Sliding

Much attention is currently being directed to potential applications of
refractery metal slloys where creep strength rather than short time tensile properties is
the important stiength parameter. Consequently, many refractory metal alloy studies
are being directed toward development of materials with attractive long-time creep
properties. To satisfactorily achieve this goal, detailed information on the structural as-
pects of high temperature deformation is required. Unfortunately, little data in this area
are available for the pure refractory metals, ond dota on refractory metal alloys are
almost totally lacking.

The results of the stress-rupture tests conducted on the B~77 alloys suggested
that studies of grain boundary sliding, both in its relation to total creep deformation and
its effects on fracture characteristics, would be a fruitful area of study. Consequently,
limited studies of grain boundory sliding were initiated. The initial objectives of this
work were to establish qualitatively the existence of grain boundary sliding in a complex
columbium alloy, and to obtain some indication of the effect of precipitates on this
moae of deformation.

Background. The importance of grain boundary shearing as a mod's of
deformation at elevated temperatures has been shown by Grant and co-workers' 7 20
and Mclean17. A number of investigators2!s 22 have reported that the ratio

€gb/ € 7 increases with increasing temperature. McLean has shown that the
relative contribution of grain boundary shearing to total creep strain increases as the
stress is decreased in a series of constant remperature tests. Fozan, et al®, has
indicated that for o constant stress égb/ 1 was a constart independent of
temperature. The effects of temperature reported by other investigators merely reflect
the fact that lower stresses were used at the higher temperatures.

Several investigators have observed that grain boundary sliding is not
uniform along the length of the boundary. Calculations by Brunner and Grant?4 show that
the displacement is non-uniform over the length of the boundary, with the maximum
displacement occurring at the mid-point of the shear plane. Their treatmcnt show: + ot
severe stress concentrations occur at the triple points whenever grain-boundary siio: =
tekes place.
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Experimental Procedure, Tensile specimens of low and intermediate
carbon B-77 theats VAM-68 and 61) were annealed 2 hours at 1800 °C and helivm
quenched. The tfensile samples were then electrolytically polished in a bath of 10%
H2504 - 5% HF - 85% methyl alcohol at -60 °C using a platinum wire cathode. Polishing
was accompiished using 75 volts and 0.7 amps, The electropolished specimens were
placed in the jig shown in Figure 20 and lightly scribed with a razor blade. Eight to
ten lines were scribed along the gage length transverse to the stress axis of ihe specimen.
No attempt was made to achieve a precise spacing of the scribe marks. Typical
grooves intersecting a grain boundary can be seen in Figure 21,

Creep tests were conducted in vacuum at 1205 °c (2200 °F) using the
test conditions » immarized in Table 9. The tests were terminated after creep strain
on the order of 1% was achieved, and the samples were examined metallographically
to detemine if grain boundary sliding could be observed.

TABLE9,  CREEP DATA FOR B-77 ALLOYS AT 1205 °C (2200 °F)

Minimum
Heat No. Stress Test Duration Creep Strain Creep Rate
(psi) (hrs.) (%) (%/hr)
VAM-68 12000 27.4 0.8 0.014
VAM-61 14000 26.3 1.5 <.043

Results, Examination of low interstitial B-77 after creep deformation
showed that grain boundary shearing had occurred, as evidenced by the abrupt displace-
ment of the scribe lines as they intersected grain boundaries (Figure 22). Figure 23 shows
evidence of displacement of the triple point as a result of sliding along the grain boundary
running from the lower right to upper left of the photomicrograph. Similar dispiacement
at triple points has been observed by Chang and Grant23 in Al-Zn alloys. It is inierest-
ing to note that distinct grain boundary sliding was observed at low total creep strains.
In this initial study no attempt was made to establish the contribution of grain boundary
sliding to total creep strain, or the relative displacement over the length of a single
boundary. Qualitatively, it was observed that about half of the scribe lines shcwed
evidence of displacement at grain boundaries,
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FIGURE 20 - FIXTURE USED TO SCRIBE LINES ON THE SURFACE OF CREEP SPECIMENS
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FIGURE 21 - MICROSTRUCTURE OF VAM 68 (B-77) SHOWING THE SCRIBE LINES
INTERSECTING GRAIN BOUNDARIES, PRIOR TO CREEP STRAINING, 75X
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FIGURE 22 - MICROSTRUCTURE OF VAM 68 (8-77) SHOWING GRAIN BOUNDARY
SLIDING, AFTER CREEP STRAINING AT 1205 °C (2200 °F), 500X
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FIGURE 23 - MICROSTRUCTURE OF VAM 68 (B-77) SHOWING GRAIN BOUNDARY
SLIDING AS EVIDENCED BY THE DISPLACEMENT AT THE TRIPLE POINY,
AFTER CREEP STRAINING AT 1205 °C (2200 °F). 500X
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Examination of the VAM-61 specimen (B-77 + 0.077 C) showed much less
evidence of grain boundary sliding than the low carbon heat, despite the higher total
elongation. Figure 24 shows the besr example of grain boundary sliding in this alloy.
It should be noted that a somewhat higherstress (14,000 psi) was used in straining the
intermediate cerbon alloy. While the observation of less grain boundary sliding in the
carbon containing alloy is only qualitative, the results suggest that grain boundary
sliding may have been inhibited by carbide precipitation on the boundaries. Previous
heat treatment studies on fhe B-77 alloys have established that carbide preC|p|tcmon
will occur at 1205 °C (2200 F), the test temperature used. The VAM-61 specimen
was subsequently retested at 14,000 psi for an additiona! 152.8 hours (179.1 hours
total). Total strain at this point was only 2.4%. Examination of the retested specimen
is currenh\/ in prograss.

These preliminary observations, while qualitative in nature, clearly
show significant grain boundary shearing in a complex Cb alloy. More detailed
studies of this mode of deformation in refractory metal alloys appear to be an area
of fruitful investigation.




FIGURE 24 - MICROSTRUCTURE OF VAM &1 (B-77 + 0,077 C) SHOWING, GRAIN
BOUNDARY SLIDING, AFTER CREEP STRAINING AT 1205 °C
(2200 °F) 500X
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IV. CONSTITUTION AND PROPERTIES OF Cb-V-Mo ALLOYS

In o previous phase of this program, limited studies of the constitution of
the Cb-rich corner of the Cb-Y-Mg system were undertaken to provide base line data
useful in investigations of the processing and mechanical properties of Cb~V~Mo and
Cb-V-Mo-Zr alloys. During the current contract period, lattice paremeter, melting
point, and hot hardness data were obtained to complete studies of this alloy system.

Litarature

Nz pukiished data have been found in the literature concerning the con-
stitution of the Cb-V-Mo ternary system. The columbium-vanodium binary phase
diagram was determined by Wilhelm, Carlson, and Dickinson26 to be a continuous solid
solution. They observed a minimum in the liquidus and solidus at 1810 °C and
approximately 35 w/o Cb. Lattice parameter data reported by Biickle?” indicate that
columbium and molybdenum also form an uninterrupted series of solid solutions. Molybdenum
and vanadium are also reported to form a continvous solid solution,

Experimental Procedure

Alloy Preparation. Alloys were prepared in the form of 20 gram buttons by

non-consumable arc melting. The columbium used in this investigation was obtained
from the Union Carbide Metals Company in the form of small beads, approximately 1/8
inch in diameter. The chemical analysis of the columbium is as follows (in w/0):
0.045 oxygen, 0,011 nitrogen, 0.022 carbon, 0.5 tantalum, 0.01 titanium, <).03
zirconium, 0.0001 boron. Vanadium and molybdenum sheet trimmings, of ;ood
commercial purity, were used for alloy additions, The vanadium was supplies by the
Usion Carbide Metals Company and had as the major impurity approximately 0.05 w/o
oxygen. Molybdenum cheet was obtained frem the Climax Molybdenum Company.

The melting charges were carefully weighed out and pressed in a die to
provide 1/2 inch diameter compacts. The charges were placed in a multiple hearth arc
furnace, which was evacuated to 5 x 10~3 Torr, flushed twice with high purity argon,
and backfilled to 2/3 atmosphere argon pressure. Mass spectrometer analyses were chtained
on the tank argon to insure a purity level of at least 99.99%. A titanium button wos
melted to getter any remaining impurities. The samples were then melted four times, the
alloys being inverted after each melt. Weight losses incurred during melting were
negligible, hence the nominal analyses were assumed correct. This assumption was verified
by chemical analysis of several homogenized alloys, which showed very close agreem~nt
with the nominal compositions. Analysis did show a reduction in oxygen content to ~k_yt
0.035 w/o as a result of arc melting, and a further reduction to approximoteiy .62
w/o after vacuum annealing at 190C ~C.
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Heat Treatment. Alloys were homogenized by annealing for various times
(generally 24 Fours) ot 1900 °c. Annealing was carried out in a tungsten tube resistance
furnace at pressures below 5 x 1075 Torr.  Each sample was wrapped in coiumbium foil
and suspended within the furnace by a tungsten wire. Temperatures were measured with
a calibrated ontical’ pyrometer using procedures described in a later section of this report.
The samples were radiation cooled ofter homogenization by turning off the power.
Cooling was quite rapid, the specimen temperature falling below 1000 °Cin approximately
30 seconds. Subsequently, sections of the homoogenized alloys were sealed in evacuated
quartz capsules and annealed 2 weeks at 1000 ~C.

During the longer annealing treatments at 1900 c’C, some loss of a constituent
{presuinatly varadium) occurred. Metallographic examination showed that the loss vias
confined 7o a thin surface layer. This depleted layer was removed prior to the prepara-
tion of sumples for x~ray diffraction analysis, thus insuring lattice parameter data
representative of the nominal compositions.

Melting Point Determinations. Melting point determinations were made on
fully hemogenized alloys by visually observing the first appearance of liquid. The alloys
were supported on a columbium sling connected to a tungsten wire in the same furnace
used for the homogenization treatments. The specimen could be observed from above through
the open end of the furnace heater. Specimen temperature was measured with an optical
pyrometer sighted through a small diameter hole drilled in the radiation shields and
center of the heater tube, thus closely simulating ideal black body conditions. The
pyrometer was calibrated aguinst a standard lamp, and corrections were made for the
reflection and absorption of the Pyrex sight glass using essentially the same technique
described by Taylor, Doyle, and Kagle2?. In carrying out the melting point determinations
a sharp edge of the specimen was observed from above while temperature was simultaneously
determined by optical pyrometer readings taken through the sight hole in the ..id length
of the furnace tube. The furnace temperature was gradually raised until the first rounding
of the sharp specimen edge was observed, at which point the sample was radiation cooled.
This temperature was taken as the solidus temperature. Subsequent metallographic
examination showed that melting had initiated when the rounding was observed. The
melting points observed by this technique are probably somewhat higher than those ob-
tained by metollogrtyahic :ncipient melting methods, but are considered to be substentially
correct within £ 25 "C,

X-ray Diffraction. X-ray diffraction patterns were obtained in a Debyc-
Scherrer camera using filtered Co Ka radiation. The lattice parameters were computed
by extrapolating to 90° using the Nelson-Riley procedure. Powder samples were prepared
by crushing or filing the homogenized alloys and placing ihe powder in cylindrical
3/8 inch diameter Cb crucibles. The powder was flash annealed by rapidiy inserting the
crucibles in the hot zone of a vacuum furnace evacuated to a pressure of about 1 x 1™
Torr. The crucibles were held at 1200 °C for 5 to 10 minutes, and then removed fres, ihe
hot zone. This recovery treatment provided sharp diffraction patterns fo- latiice puiameter
measurements.
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Results

Constitution. Alloys containing 5, 10, 20, 30, and 40 weight per cent total
alloy additions were investigated. Vanadium and molybdenum were cdded to the columbium
base in the ratios 1:1, 1:3, and 2:1 at each alloy level, providing twelve Cb-V-Mo
alloys. Metallographic examination of the alloys homogenized at 1900 °C showed
them all to be single phase. Sections of the homogenized alloys annealed two weeks at
1000 °C were also single phase. X-ray diffraction data showed only the existence of a
bee solid solution. Although in this investigation compositions extending only from
100 to 60 w/o Cb were examined, it seems apparent that the Cb-V-Mo system is a con-
tinuons selid solution at all temperatures.

Lattice parameter data are shown in Figure 25. The ullcys exhibit a
continuous decrease in lattice parameter with increasing Mo and V level. The clloys
with Mo/V solute ratios of 3 and 1/3 show a linear decrease in lcitice parameter, while
with a solute ratio of 1 a slight positive deviation from ideality was observed.

Melting points are plotted as a function of alloy addition in Figure 26.
Alloys having Mo/V solute ratios of 1 and 1/3 showed a continuous decrease in solidus
temperature with increasing alloy addition. As expected, vanadium had the most pro-
nounced effect in depressing the melting point. An anomolously high melfln% point of
2520 °C was observed for the Cb~7.5Mo=2.5V alloy. This value is only 100 °C lower
then the melting point of pure Mo and must be viewed with some reservation. However,
the melting point was rechecked twice, and the observed values were all in agreement.

Hardness. Hardness data for the alloys i in the as-cast and homogenized con-
dition are shown in Figure 27. Annealing at 1900 °C resulted in a modest de-rease in
hardness with respect to the as-cast condition. Both molybdenum and vanadiu additions
huve pronounced effects in increasing the hardness of Cb.

To provide some data on the high temperature properties of Cb-V-Mo
alloys, hot hardness data were obtained for specimens having a Mo/V solute ratio of
1. The samples were hcmogenized by annealing 12 hours at 1800 ~C prior to testing.
Hot hardness measurements were conducted in a vacuum hot ha.dness machine described
previously in this report. A load of either 5 or 2.5 Kg was used on the indenter, the
higher load being used at temperatures below 1095 °c (2000 F)

The effect of temperature on the hot hardness of the Cb~V-Mo alloys is
shown in Figure 28. The data show Mo and V fo be very effective solid solution strengfn—
eners at temperatures as high as 1315 °C (2400 °F). The hardness~composition curves snow
a characteristic decrease in slope with increasing test temperature, following the ch N
predicted for solnd soluhon olloy strengthening. The hardness of the Cb~20Mo-20
alloy at 1205 °C (2200 °F) is approxnmutely 165 VPN. Based upon o hot hmdness-
strength correlation established in previous work30, this corresponds to « yizid strength
of 60,000 psi.
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FIGURE 26 - VARIATION OF MELTING POINT WITH COMPOSITION FOR Cb-V-Mo ALLOYS
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FIGURE 27 - EFFECT OF COMPOSIT!ION ON THE HARDNESS OF Cb-V-Mo ALLOYS
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FIGURE 28 - HOT HARDNESS OF Cb-V-Mo ALLOYS
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Evidence of an approximate correlation between room temperature strength
and-change in lattice parcmeter for dilute ailoys has been shown by French and Hibbard
as well as a number of other investigators. In the refractory metals, Charg32 has sum=-
marized the data of several investigators who also show a rough correlation between Ligh
temperature tensile strength and lattice perameter change for Cb, Ta, and Mo alloys
containing binary additions of various solutes. The relationship between het hardness
and change in lattice for Cb-V-Mo alloys obtained in the present investigation is shown
in Figure 29. Hot hardness data obtained at 1095 °C (2000 °F) and 1205 °C (2200 °F),
when plotted against change in lattice parameter, give a curve which is approximately
parsbolic in shape. However, the data points for Mo + V concentrations up to 20 w/o
can be fitted to = stiaight line. The approach of cousidering only the size factor in
solute strengthening can only provide a crude first approximation, for it ignores
eiectrical and chemical interactions, as well as local order (Fisher interaction). A 3
detailed treatment of solid solution strengthening has recently been presented by Flinn
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V. STUDIES OF Cb-Hf-N ALLOYS

Experimental work in an earlier phase of this progrqm4 had shown that
Cb-Hf alloys containing additions of approximately 0 1w/o mtrogen exhibited i very
high hot hardness values at temperatures up to 1095 °c - 1205 °C (2000-2200 °F).
The attractive hot hardness values were apparently associated with the precipitation
of a nitride phase. In view of the interesting prelimirary results, mere detailed
studies of Cb-Hf=N alloys were initiated, since this system appeared to be particularly
attractive for the study of precipitation phenomena in columbium alloys.

Alioy Preparation, A Cb-5Hf-0.2 N alloy was prepared by consumable
electrode arc melting to provide material for detailed studies of heat treatment effects.
A low interstitial Cb-5Hf alloy was also melted to provide base line data. It was
originally intended to prepare a Cb=5Hf-0.1 N alloy for investigation. Since it was
anticipated that considerable loss of nitrogen would occur during vacuum arc melting,
the electrode was prepared with approximately 100% excess nitrogen. However, relatively
little loss of nitrogen occurred, hence the final nitrogen level was close to 0.2 w/o.

Melting. The Cb-5Hf heat (VAM-71) was melted using an electrode
fabricated from high purity columbium and crystal bar hafnium strip. The analysis of
the base material is listed in Table | (Lot 1074). A 3/4 inch square composite electrode,
with the hafnium strip contained in the center of the electrode assembly was vacuum
arc melted into @ 1-7/8 inch diameter crucible. The ingot weight was approximately
four pounds. To prepare the nitrogen containing heat (VAM-73), two sections of columbium
rod, 14 inches long and 11/16 inch in diameter, were nitrided to achieve the ~esired nit-
rogen level. The base material was the same as that used for VAM-71, The reds were
placed in a vacuum induction furnace, which was evacuated to 1 x 10~ Torr and back-
filled to 2/3 atmosphere nitrogen pressure. The bars were reacted with nitrogen for one
hour at 1700 “C. The time required to bring the furnace to temperature was 50 minutes.
The bars were carefully weighed before and after nitriding. The observed weight increase
corresponded to a nitrogen level of 0.22 w/o. Afternitriding the two bars were joined
m echanically and strips of hafnium were tack welded along the sides. The eiectrode was
consumably arc melted into a 1-7/8 inch water-cooled, copper crucible, using 30 volts
and 1200 amps AC. Earlier work had established that excellent homogeneity is achieved
by single AC melting composite electrodes. The pressure during melting did not exceed
8 x 10~4 Torr, indicating that very little nitrogen was lost during melting. Chemical
analyses and as-cast hardness values of the Cb=5Hf and Cb~5Hf-0.2 N alloys cre listed
in Table 10, The nitrogen analysis of heat VAM-73 was 0.193 w/o, fairly close to the
initial nitrogen level of the electrode.

Fabrication. A one inch thick section of the Cb-5Hf clloy (VAM-71) wus
cut from the ingot and upset forged to cpprox:mately 50% reduction in th.ckness at 1200 °C.
Heating for forging was accomplished in a retort with a flowing argon atmosphere to
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minimize contamination. The forged slab was conditioned to remove the contaminated
surface and then annealed one hour at 1370 “C (2500 “F). The annealed material was
subsequently cold rolled to 0.05 inch sheet, a reduction of approximately 90%.

Ingot breakdown of the Cb-5Hf-0.2 N alloy was accomplished by Dy:.apak
extrusion. After the as-cast biliet was conditioned by mochining, a 7/8 inch thick
molybdenum nose plug was attached to the biliet to minimize the danger of a nose
burst. The billet was cocfed with Cormng glass 7052 and heated in an argon aimosphere
induction furnace to 1650 °C (3000 F) The billet was rapidly transferred to a container
and extruded to a sheet bar configuration using a fire pressure of 2000 psi. The extrusion
ratio was 4:1. The die was coated with alumina to minimize die washout. The basic
Dynapak extrusion techniques were very similar to those described in an earlier report.
As shown in rfigure 3C, the results of extrusion were excellent. No cracking was observed,
and the as-extruded surface was very good considering the relativeiy high extrusion tem-
perature.

The sheet bar was surface condifioned ond then vacuum annealed one hour
at 1500 °C. The bar was then rolled at 260 °C (500 °F) from 0.43 inch thick to 0.26 inch
thick (¢ 40% reduction). The bar was then reannealed one hour at 1500 °C and given
an additional 75% reduction by rolling at 260 °C. The rolling characteristics of the
material were excellent. No evidence of cracking whatsoever was observed. As will
be shown later in this report, the 1500 °c annealing treatment provided an overaged
structure which was quite soft and easily fabricable.

TABLE 10. CHEMICAL ANALYSES OF Cb-Hf AND Cb-Hf-N ALLOYS

Heat No. Nominal Composition Analysis As-cast
(w/n) {w/0) . Hardness
0 N C Hf (VPN)
VAM-71 Cb-5Hf 0.012 0.005 0.0005 4.61 170
VAM-73 Chb-51ii-0.2 N 0.021 0.193 0.0023 4.71 364
NC-370 Cb-5Hf-0.1 N 0.018 0.09  --- - 290

Effects of Heat Treatment.

The effects of thermal treatment on room temperature hardness, microstructure
and hot hardness of the Cb-5Hf-0.2 N were evaluated.

Solutioning and Aging Reactions. Initial aging studies werz conducicd o ¢
20 gram Cb-5Hf-0.1 N alloy button prepared by non-consumable arc melting theat NC 370,
Table 10). Sections of the as-cast button were aged one hour at temperat. as ronging from 600-
1800 °C. The hardness data are shown in Figure 31. The as-cast condition for the small
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FIGURE 30 - DYNAPAK EXTRUDED Cb-5Hf-0.2N ALLOY, 1X
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button corresponds to a fairly rapid quench, since the sample cools from the melt in a
wofer-cooled copper crucible. As can be seen from Figure 31, aging one hour ar 800

and 1000 °C resulted in a sngmflcant hardness increase. Hardness thereafter Jecreased
rapldlg with increasing aging temperature, until a hardness minimum was reached at

1400 “C. Hardness then increased with increasing aging temperature, evidently as a

result of resolutioning of a nitride phase. Mefcllographlc examination showed no evidence
of a second phase af aging temperatures up to 1400 C Material aged one hour at 1400 °c
showed metrix hardening. The sample aged ot 1600 °C showed a very fine precipitate dis-
wributed throughout the grain volumes. The precipitate could barely be resolved at a mag-
nification of 500 X. Aging four hours at 1600 °C resulted in a coarsening of the precipitate,
as shown in Figure 32,

Sections of the as-rolled VAM-73 sheet, 0,055 inches thick, were subsequently
solution annealed two hours at 1800 °C in vacuum at pressures below 1 x 1073 Torr, To
determine the effect of cooling rate on the solution annealed hardness, samples were quenched
by dropping them from the hot zone of a vertical tungsten tube furnace onto a liquid nitrogen
cooled copper plate, Other samples were cooled by turning off the furnace power and ad-
mitting helium to the furnace chamber. In the latter case, the specimens cooled to below
red heat in less than 1-1/2 minutes. The as-solution annealed hardness values are listed in
Table 11.

TABLE 11. HARDNESS OF SOLUTION ANNEALED Cb-5Hf-0.2 N ALLOY

Heat Nominal Compesitien Hardness (VPN)

No. {w/o) Annealed 2 hours at 1800°C Annealed 2 hours at 1800°C
and Quenched ~ad Helium Cooled

VAM-  Cb-5H§{-0.2 N 3%0 223

73

As can be seen, the quenched samples had a much higher hardness than those
cooled in helium, evidently because of a much greater nitroaen supersaturation in the cose
of the quenched material. Subsequently, additional material was solution annealed two
hours at 1800 C, quenched, and aged one hour at temperatures ranging from 400 to 1600 °c.
The effect of aging temperature on the hardness of the Cb~5Hf-0.2 N alloy is shown in
Figure 33. Hordness initially decreased moderately, and then abruptly increased on aging
ai 800 °C. Hardness then decreased rapidly with increasing aging temperature, reclchnng Q
minimum after a one hour aging onneul at 1400 °C. Optical phofomlcrogrcphs of .roferml
ageo at 600, 1200, 1400 and 1600 °C are shown in Figure 34. The microstrusivre W0
aging at 600 and 1200 °C is essentially single phase, although some giain bounde e .ip-
itation and random matrix precipitation cen be observed. However, after aging cne hour
at 1400 °C general precipitation witnin the grain volumes occurs. This appears as general
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matrix darkening when observed metallographicelly ot a magnification of 500 X (Figure 34).
Aging at 1600 “C results in a coarsening of the precipitate, which can be fairly easily
resolved at a magmflcahon of 500 X. Some re-aoluhomng apparently also occurs on
annealing af 1600 °C, as indicated by the increase in hardness with respect to the 1400 °C
aging anneal.

Solution annealed specimens were aged for 48 hours ct 700 °C and 900 °C. This
aging treatment gave a single phase structure as shown in Figure 35,

Phase ldentification and Electron Microscopy. In order to study the morphology of
the precipitaring ~hases in VAM-73 in more detail, attempts were made to analyse extraction
replicas and bulk extraction residues of samples aged for one hour at temperatures ranging
from 600 to 1600 °C, The extracted phases were examined using electron microscopic and
x=ray diffraction techniques.

Extraction replicas were obtained by metallographically mounting, polishing, and
etching the specimens, vapor depositing a carbon film ( 2 300 ) thick) and etching in a
10g tartaric acid=10ml bromine-90ml methanol solution ¢t room temperature until the carbon
film with the adhering precipitate floated free, These extraction replicas were then examined
in the election microscope to obtain eleciron micrographs and selected area diffraction patterns.

Buik extraction residues were obtained by wrapping the specimen in platinum wire
and immersing the package into the tartaric acid-bromine-methanol solution until a substan-
tial amount of precipitate was observed coming out of solution. The solution was centrifuged
to remove the residue which was then washed in methanol, ond dried under o partial vacuum.
Material subjected to x-ray diffraction studies was mounted on a glass fiber, and identified
by Debye-Scherrer powder diffraction patterns. For electron diffraction stui'ies, the material
wus ultrasonically dispersed in amyl acetate, transferred onto carbon film mounted on
specimen grids, and dried.

The dissolution rate of the sample in fhe solution showed a marked dependence on the
structure. For samples aged at 1400 and 1600 °C, where precnpltates could be easily resolved
by optical microscopy, the dissolution Jvas quite rapid. Muck ! tonger times were require' for
the specimens aged at 1000 and 1200 °C, while satisfactory repiicas could not be obiained
from alloys aged at lower temperatures,

An electron micrograph of an extraction replica obtained from a specimen annealed
and aged one hour at 1200 °C is shown in Flgure 36. The precipitates are extremely fine
( €7 0.1 micron) and are regular polyhedral in shape. Consuderobly larger irregular s..uped
particles can also be seen in Figure 36a. Increasing the aging tempercture to 14C0 °¢
resulted in the formation of larger precipitates (0.3 to 0.6 micions), and a marked i« .rec-e
in the extent of precipitation (Figure 37). Widely scattered larger precipitates, similar to
those seen after the 1200 °C aging treatment resulted in the formation of still iarger preci-
pitates which tended to be acicular in shape (Figure 38). A band or cluster of precipitates
on a grain boundary or sub=boundary is shown in the left side of Figure 38. No orientation
relationship of the precipitates with the matrix is evident from these photomicrographs.
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(a) Aged 48 hours at 700° C.

(b) Aged 48 hours at 900° C.

FIGURE 35 - MICROSTRUCTURE OF Cb-5Hf-.2N (VAM 79).
SOLUTION ANNEALED 2 HOURS AT 1800 "C
AND QUENCHED, AGED 48 HOURS. 100X
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() 30,000 X

FIGURE 36 - EXTRACTION REPLICA OF Cob-SHf-0.2N ALLOY,
AGED ONE HOUR AT 1200 "C,
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FIGURE 37 - EXTRACTION REPLICA OF Ch-5Hf-0,2N ALLOY,
AGED 1 HOUR AT 1400 °C, 5500X

FIGURE 38 - EXTRACTION REPLICA OF Cb-5H{-0,2N ALLOY.
AGED 1 HOUR AT 1600 °C. 5500X
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Electron diffraction patterns obtained from the extracted and bulk residues showed that
the HfN phase was the mojor precipitate. Diffraction date obtained by electror diffraction
and x-rays are shown in Table 12 and 13 respectively. The data show excellent agreement
with the published data for the HfN phass. A summary of the diffraction data is shown in
Table 14. While the data indicate that HfN is the primary precipitating phuse, there is also
some cvidence of a CbC phase. It is interesting to note that the carbide phase was not apparent
in the 1400 °C aged specimen held in the dissolution solution for 71 hours.

The morphology of the precipitating phases was determined through the electron
micrograph and dl‘Frac‘.on poﬂerr' the specimen which wos aged at 1200 °C showed fine
precipirates of HitN with massive platelike precipitates of CbC (Figure 39). Increasing
the aging temperature to 1400 °C did not change the patterns for dissolution times of 23
hours. However, when the specimen was held in the solution for 71 hours no massive preci-
pitates of CbC showing the characteristic streaked spet pattern could be detected (Figures
40 and 41). The additional time in solution also appears to have altered the nitrides from
the prevnous fine shape to a lenticular design. Further increasing the aging temperature
to 1600 °C retained the lenticular design but again showed the pattern for CbC (Figure 42).

The results of this portion of the investigation show conclusively that the HfN phase
is precipitated in extremely minute particle sizes. Themodynamic data for the possible nitrides
in this alloy system indicate that HFN is the most stable phase. A combination of maximum
stability and extremely fine particle size with moderate dispersion is believed to be the
mechanism of second phase strengthening operative in this alloy system to produce the high
temperature strength values observed.

Hot Hardness Data. Hot hardness tests were conducted on sheet samp!es of VAM-73,
using the testing techniques described pr eviously for the B-77 alloys. Material was tested
in two conditions of heat treatment:

A.  Annedled two hours at 1800 C and quenched.
B. Annealed two hours at 1800 °C and quenched. Aged one hour
at 800 °C.

The hot hardness tests were run in order of increasing temgerature, and each specimen was
exposed to the complete themal cycle from 650 to 1315 °C (1200 to 2400 °F). Hot hardness
data are plotted as a function of testing temperature in Figure 43. Comparative results for
the Cb-5HF binary ulloy are also included. The hot hardness data show the remarkable effect
of nitrogen additions in increasing the hot hordness of the olloy The aged VAM-73 sarple
shows higher values at temperatures up to 1095 °C (2000 °F). Above this temperature the
hardness values were essenhally identical. The solytion treated alioy shows an inercss in
hot hardress with increasing temperature up to 982 °c (1800 °F), resulhng from precipitation
during the testing thermal cycle. Extrapolation of the hot hardness tens™’ 2 strangth correlation
shown in Figure 13 indicates thor the Cb-be-O 2 N alloy should have a tensile strength in
eveess of 80,000 psi at 1095 °C (2000 °F).
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TABLE 12, TRANSMISSION ELECTRON DIFFRACTION DATA
Cb~5Hf-0,2 N ALLOY (VAM-73)*

Specimen HFN (ASTM 11-479)
d meas. d hkl

2.585 2,59 m
2.235 2.24 200
1,58 1.59 220
1.345 1,357 31
1.29 1.299 222
1.122 1,128 400
1.03 1.035 331
1.00 1,008 420

*Solution annealed two hours at 1800 °C. Aged one hour ot 1400 °c.




TABLE 13. X-RAY DIFFRACTIOM DATA
Cb-5Hf-0.2 N ALLOY (VAM-73)*

Specimen | HEIN (ASTM 11-479)

d meas. d hkl
2.622 S 2.59 111
2,264 S 2.24 200
1.605 S 1.59 220
1.365 S 1.357 3N
1.312 w 1.299 222
1.135 w 1.128 400
1.041 M 1.035 331
1.012 M 1.008 420
0.926 M

0.872 M

0.810 w

*Solution cnnealed two hours at 1800 °C. Aged one hour at 1400 °c.
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TABLE 14,

DIFFRACTION RESULTS OM BULK EXTRACTED
RESIDUES OF AGED Cb-5Hf-0.2N ALLOY (VAM-73)*

Aged for 1 hr, at

Dissolution Time in

Extracted Phases

Temp. °C Solvent** at R.T., hrs Identified by
X-Ray Electron
1200 71 - HFN + CbC
1400 23 HFN HfN + CbC
1400 71 HfN HFN
1600 28 HFN HEN + CbC

*Solution annealed two hours at 1800 °C

**10g Tartaric Acid =

10ml Br2 - 90ml CH30H
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FIGURE 39 - ELECTRON MICROGRAPH OF BULK EXTRACTED
RESIDUE FROM Cb-5H{-0.2 N ALLOYS. AGED
1 HOUR AT 1200 °C. 8000X
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FIGURE 40 ~ ELECTRON MICROGRAPH AND DIFFRACTION PATTERN OF
BULK EXTRACTED RESIDUE FROM Cb-5H{-0.2 N ALLOYS IN
SOLUTION FOR 23 HOURS. AGED 1 HOUR AT 1400 °C. 3000X
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FIGURE 41 - ELECTRON MICROGRAPH AND DIFFRACTION PATTERMN OF BULK
EXTRACTED RESIDUE FROM Cb-5Hf-0.2 t\éALLOYS IN SOLUTION
FOR 71 HOURS, AGED 1 HOUR AT 1400 "C. 8000X
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FIGURE 42 - ELECTRCN MICROGRAPH AND DIFFRACTION PATTERN
OF BULK EXTRACTED RESIDUE FROM Cb-5Hf-0.2 N
ALLOYS. AGED 1 HOUR AT 1600 °C. 8000X
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FIGURE 43 - EFFECT OF TEMPERATURE ON THE HOT HARDNESS OF
Cb-5Hf AND Cb-5Hf-0,2N ALLOYS

77




Discussion. The response to heat treatment of the Cb~5Hf-0.2 N alloy appears to
follow classical precipitation hardening behavior, and can be rationalized as discussed
below. The high as-quenched hardness would seem to be primerily due to a high super-
saturation with respect to nitrogen, although, considering the rapid over aging in rhis system,
it is possible that some precipitation occurs during the quenching treatment. Attempts to
obtain extraction replicas from the as-quenched samples to determine if HfN precipitates
are present in the microstructure have not as yet been successful. On aging the Ch-Hf-N
alloy, precipitation of a coherent nitride phase (HfN) occurs, giving rise to a significant
hardness increase. At ten.peratures above 800 - 900 “C, luss of coherency and coalescence
of the precipitate occurs, resulting in pronounced softening. Further increase in aging
temperature above 1490 "'C resulted in both growth of the precipitates and resolution of
nitrogen in the matrix,

The Cb-Hf-N system is particularly interesting from the standpoint of studying
dispersed phase strengthening phenomena in columbium alloys, since the changes occurring
as a result of heat treatment are very pronounced. The nitride hardened alloys also have
intriguing engineering potential, since in the overaged condition they are soft and fabricable
yet they can be strengthened by heat treatment to very high strength levels. As noted pre-
viously, the hot hardness data for both aged and uncged VAM-73 indicate that strength
levels in excess of 80,000 psi at 1095 °c (2000 F) are possible. The hardness data do not,
however, provide any information concerning duciility. Attempts are currently being made
to heat trear tensile samples, so that both high and low temperature tensile properties may
be determined. It is interesting to note that the as-quenched VAM-73 showed no sign of
cracking on quenching, and the as-quenched material could be attached to the hot hardness
mounts without failure.

The obvious difficulty with this alloy system is the fairly rapid overagin at relatively
low tzmperatures. Despite the early onset of overaging, hot hardness tests mdlcuted that the
Cb-5Hf-0.2 N alloy had excellent short time strength at temperatures up to 1315 °C (2400 °F).
It is quite possible that the kinetics of the aging reaction can be altered substantially by
further alloying.

Ch-W-Hf-N Alloys

In view of the rapid overaging at low temperatures encountered with Cb-Hf-N alloys,
attempts were made to modify the aging kinetics by the addition of 10 w/o tungsien. The
tungsten additions were also intended to provide additional solid solution strengthening.

Alloy Preparation. Two Cb-W=-Hf-N alloys, weighing 250 grams, were prepared by
non-consumable arc melting. High purity electron beam melted columbium, crystal bar
hafnium, and tungsten sheet trimmings were used as the base materiais. Mitregen was added

s a Cb-N master alloy. Available chemical analysis data are listed in Table 15, Th. os-
melfed buttons were coated by hot dipping in an Al-12 Si bath to provide Qrorechc.. from
contamination during processmg The coated buttons were forged at 1205 “C (2200 “F) to
approximately 50% reduction in thickness. Considerable edge cracking occurred during
the forging operation. The forgings were trimmed and surface conditioned, canned in
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stainless steel, and rolled at 1200 °c. Alloy NC-385-1 was rolled an additional 70% to
provide sheet stock 0.047 inches thick. During rolling NC-385-2, the stainless stea! can
fractured and rolling was terminated at this point. This alloy received only 55% reduction
resulting in a final sheet thickness of 0.081 inch.

TABLE 15.  CHEMICAL ANALYSIS OF Cb-W-Hf-N ALLOYS

Heat No. Nominal Composition Analysis
(w/°) (w,0)
O N C
NC-385-1* Cb-10W-5Hf-0.1 N 0.015 0.15 -—
NC-385-2* Cb-10W-5Hf-0.05 N 0.018 0.07 --

*Sampies were not analyzed for metallic elements since prior work had shown good
recovery during non-consumable arc melting.

Effects of Heat Treatment. Portions of the tungsten containing alloys were solution
annealed two hours at 1800 ~C and quenched. A%ing treatments of one hour were subsequently
carried out in the temperature range 900 to 1400 “C, and the data are shown in Figure 49.

As in the case of the Cb-5Hf-0.2 N alloy, a pronounced hardness peak occu..ed after aging

at opproximately 900 °C. The as-quenched hardness values for the Cb-W-Hi-N alloys were
lower than those of the Cb=Hf-N alloy, reflecting the lower nitrogen supersaturation of the
former, However, a comparison of the data of Figures 33 and 49 show that the tungsten
containing samples had a higher hardness in the overaged condition as a result of solid solution
strengthening by the tungsten.

The microstructures of the Cb-10W-5Hf-0.15 N and ( 5-10W-5Hf-0.07 N alloys shown
in Figure 44 and 45 indicate a smoll amount of precipitate present in the as-quenchad specimens.
Aging the solution annealed alloys one hour at 1100 °C did not result in any incrcase in the
extent of precipitation (Figwe 46). However, increasing the aging temperature to 1400 °Z
caused much more general precipitation within the matrix, and the foimation of larger preci-
pitates, as shown in Figure 47 and 48. The microstructuies were very similar to those of the
Cb-W-Hf-N alloy, but it appears that the predominant strengthening mechanism in thi
system is the precipitation of HfN on aging.

Hot Hardness Data. Hot hardness data were obrained for the Ch=W-Hf-pM alloys in
the following conditions of neat treatment:

79




FIGURE 44 - MICROSTRUCTURE OF Cb-10W-5Hf-,15N ((t)\IC 385-1),
SOLUTION ANNEALED 2 HOURS AT 1800 "C AND
QUENCHED, 100X

FIGURE 45 - MICROSTRUCTURE OF Cb~10W-5Hf-,07N (NC 385-2),
SOLUTION ANNEALED 2 HOURS AT 1800 °C AND
QUENCHED, 100X
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®) 500X

FIGURE 46 ~ MICROSTRUCTURE OF Cb-10W-5Hf-,15N ((T)\IC 385-1),
SOLUTION ANNEALED 2 HOURS AT 10800 C AND
QUENCHED, AGED 1 HOUR AT 1100 "C,
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FIGURE 47 ~ MICROSTRUCTURE OF Lb-10W-5Hi-.07N (NC 385-2),
SOLUTION ANNEALED 2 HOURS AT 1800 °C AND
QUENCHED, AGED 1 HOUR AT 1400 °C. 100X
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FIGURE 48 - MICROSTRUCTURE OF Cb-10W-5Hf-,15N (NC 385-1),
SOLUTION ANNEALED 2 HOURS AT 1800 °C AND
QUENCHED, AGED 1 HOUR AT 1400 °C,

83




Hardness (VPN)

350

300

250

200

150

100

CURVE 565833

Aging Temperature (°C)

FIGURE 49 ~ EFFECT OF AGING TEMPERATURE ON THE HARDNESS
OF Cb-W-Hf-N ALLOYS. (AGED 1 HOUR)
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A. Anneaied two hours at 1800 C and quenched.

B. Annealed two hours af 1800 °C and quenched. Aged one
hour at 900 °C.

C. Anneadled two hocrs at 1800 °C and radiation cooled. Aged

one hour at 900 “C.

Material was radiation cooled by cropping it from the hot zone of the furnace into the
bottom of the furnace chamber. Hot hardness data for alloys in the quenched, radiation
cooled plus aged, and quenched plus aged conditions are shown ac a function of temperature
in Figures 50, 51, and 52 respectively. Reference data for B-66, one of the strongest fabric-
able Cb ulloys, ar> also shown on the curves. The Cb-10W-5Hf-0.15 N olloy had the hlghest
hot hardness values over the entire temperature range from 870 to 1315 °c (1600 to 2400 F),
in all conditions of heat treatment. The hot hardness of the as-qu venched material mcrecsed
sugmﬁcantly as the test temperature was raised from 870 to 980 “C (1600 to 1800 °F), as a
result of aging during the testing thermal cycle. The effects of prior heat treatment on hot
hardness are summarized in the bar gruphs of F:gures 53 and 54. The aged samples show
superior hot hardness values up to 1095 °C (2000 F) However, at 1205 °C (2200 °F) the
hot hardness values for the quenched and quenched plus aged conditions are identical. The
hardness data for the alloy containing 0.15 w/o N are markedly superior to those of B-66,
particularly at the higher temperatures. The 1205 °C (2200 °F) values for NC-385-1
(Cb-10W-5Hf-0.15N) correspond to a yield strength of approximately 50,000 psi, The data
for these alloys are quite encouraging and warrant more detailed studies of mechanical
properties.
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FIGURE 54 - EFFECT OF HEAT TREATMENT ON THE HOT HARDNESS

OF A Cb-10W-5Hf-0,15N ALLOY
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