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FOREWORD

This report was prepared by the Materials Research Group of Northrop Corpora-
tion, Norair Division, under USAF Contract No. AF 33(657)-11227, The research
activities related herein represent the total program effort covering the period
of 1 June 1963 through 30 June 1964,

The work was administered under the direction of the AF Materials Laboratory,
Research and Technology Division, with Mr. R, E. Bowman serving as project engineer.

This report has been assigned number NOR 64-156 for internal control.



ABSTRACT

Brazed molybdenum and tantalum alloy honeycomb structures offer good potential
for structural and heat shield applications in the 2500-3500 F range. However, molyb-
denum is seriously embrittled at braze temperatures above approximately 2500F, Tantalum
alloys are not embrittled by high braze temperatures, but there are serious production
problems associated with braze temperatures above 3200F, The purpose of this program
was to develop molybdenum and tantalum braze systems which braze at relatively low
temperatures, but develop high remelt and service temperatures, Some attention was
also directed to the development of braze alloys for tantalum that braze several hun-
dred degrees above the expected service temperature., Most of the effort was based
on TZM molybdenum alloy and Ta-10W alloy. Some work was performed using Ta-8W-2Hf
and Ta-30Cb-7.5V,

The most promising method of developing high remelt temperatures involved the
diffusion sink brazing approach. This concept relied on the reaction of a braze alloy
with the base material and/or refractory metal powder placed at the fillets, during
the brazing cycle and during a post braze diffusion treatment at low temperatures,
This diffusion reaction resulted in a new alloy in the joint with a higher melting
temperature.

A Ti-25Cr-13Ni diffusion sink braze alloy which melted at 2200F produced the
highest remelt temperatures on TZM. Remelt temperatures of tee joints exceeded 3100F
under a 120 psi stress, Lap joint remelt temperatures exceeded 3200F and shear
strength exceeded 250 psi at 3000F. Remelt temperatures as high as 31B0F were at-
tained on honeycomb specimens. In all cases, acceptable room temperature ductility
was maintained,

Pure titanium, Ti-30V, and 33Zr-34Ti-33V diffusion sink braze alloys produced
the highest remelt temperatures on Ta-10W, Remelt temperatures of lap and honeycomb
specimens exceeding 3800F were achieved with Ti and Ti-30V following a diffusion
treatment of 2850F for 24 hours., Lap shear strengths at 3500F were 3800 to 4270 psi
and 2160 to 3050 psi with Ti and Ti-30V, respectively. 1In addition, brazed honeycomb
specimens loaded to a 1.2 psi flatwise tensile stress withstood a one hour exposure
with no failure. The lower melting (2480F) 33Zr-34Ti-33V braze alloy produced good
remelt increases and high strengths for service to approximately 3000F. A Cb-1.3B
conventional braze alloy (braze temperature 4200F) for either vacuum or argon brazing
of Ta-10W exhibited lap shear strengths of approximately 4000 psi at 3500F. Brazed
honeycomb specimens loaded to a 1.2 psi flatwise tensile stress withstood a one hour
exposure at 3500F with no failure.

Pure titanium, Ti-30V, and 33Zr-34Ti-33V diffusion sink braze alloys as well as
the conventional alloy Cb-1.3B were evaluated on the Ta-8W-2Hf and Ta-30Cb-7,5V alloys,
In general, tee and lap joint strengths were equivalent to those achieved on Ta-10W,
Room temperature ductility of all tantalum alloys and brazed lap joints was adequate
based on transition temperature tests,

Coating-braze alloy compatibility was poor except for Ta-10W brazed with Cb-1.3B
and coated with an unmodified silicide. 1In most cases coating-braze alloy interactions
resulted in formation of low melting non-protective reaction products,

Development of high remelt temperatures using the diffusion sink brazing approach
has been demonstrated on TZM and tantalum alloys. Remelt temperature increases of at
least 1000F have been attained.



Application of the laboratory established brazing procedures and techniques was
demonstrated by the fabrication of a completely ductile, typical, 5 x 5 x % inch
TZM honeycomb panel, complete with edge enclosures. This panel, manufactured
using the Nortobraze quartz lamp process, was brazed at 2300F and is expected

to exhibit a remelt in excess of 3000F.

This technical documentary report has been reviewed and is approved.

SN N~

I. Perlmutter

Chief, Physical Metallurgy Branch
Metals and Ceramics Division

Air Force Materials Laboratory



I

II

I11

Iv

v

TABLE OF CONTENTS

INTRODUCTION , . . + v ¢ v ¢ v v v o o v &

MATERIALS . . . .

PROCEDURES , . . . . . . « v v v « v o v .
PRE-BRAZE CLEANING ., , . . . . . . .
BRAZE SYSTEM PLACEMENT ., . . . . . .
BRAZE ALLOY FABRICATION . . . . . . .
SPECIMEN BRAZING . . . . . . . . . .
DIFFUSION TREATMENT . . . . . . . . .
METALLOGRAPHIC . . . . . . . . . . .
HIGH TEMPERATURE TEST . . . . . . . .
TRANSITION TEMPERATURE TEST . . . . .

COATING COMPATIRILITY TEST ., . . . .

RESULTS AND DISCUSSION . . ., . . « . « + .

LITERATURE SURVEY , . . . . . . . . .

TZM BRAZING . . . . . .

- - -

BRAZE SYSTEM DEVELOPMENT ., . . .

DIFFUSION SINK POWDER PARAMETERS
DIFFUSION TREATMENT . . . . . .
TEE JOINT EVALUATION . . . . , .
LAP JOINT EVALUATION , . . . . .
HONEYCOMB EVALUATION . . . . .

TRANSITION TEMPERATURES , ., . .
RECRYSTALLIZATION AND DUCTILITY

Ta-10W BRAZING . . . . . . . « .+ « o v . .
BRAZE SYSTEM DEVELOPME . e e .
TEE JOINT EVALUATION . . . . . .
LAP JOINT EVALUATION , . . . .,
HONEYCOMB EVALUATION . . . . .

BRAZE SYSTEM EVALUATION ON Ta-8W-2Hf AND Ta-30Cb-7.5V .

TRANSITION TEMPERATURES , . .

TEE JOINT EVALUATION ., , . . . .
LAP JOINT EVALUATION ., . . . . .
TRANSITION TEMPERATURES . . . .

MANUFACTURING APPLICABILITY , . . . . .
BRAZE ALLOY/COATING COMPATIBILITY

QUARTZ LAMP BRAZING OF TZM . .
NON-DESTRUCTIVE TESTING . . . .

INTERPRETATION OF RESULTS , . . . . . .
TZM-MOLYBDENUM . . . . . . . . . .
TANTALUM ALLOYS . . . . . . . . . .
COATING COMPATIBILITY . . . . . . .

»

PAGE

10
12
14
14
14
16
18

21

21
22
22
24
28
32
35
42
45
48

50
50
52
55
.57
63

68
68
68
68

71
71
75
77

79
79
80
81



TABLE OF CONTENTS (Contirnued)

PAGE

V1 CORCLUSTIONS . . . . . 4 v v e v v i e e e s v e s e e e e e 82
MOLYBDENUM - TZM . . . . . . . . « v ¢« v o v v o v v v« 82

TANTALUM ALLOYS - Ta-10W, Ta-8W-2Hf, Ta-30Cb-7.5V ., . . . . 82

VII REFERENCES . . . . & 4 v i v e i e e e e e v e e e v e e e w s 83
APPENDIX A - LITERATURE SURVEY . ., . . . . . « &« & « o« v « v « 84
APPENDIX B - TZM DIFFUSION TREATMENT CALCULATIONS ., . . . . . . . 105
APPENDIX C - EVALUATION OF TZM TEE JOINTS , . ., . . . . . . . . . 109
APPENDIX D - EVALUATION OF Ta-10W TEE JOINTS ., . . . . . . . . . 122

vi



FIGURE

10

11

12

13

L4

15

16

17

18

19

20

21

LIST OF ILLUSTRATIONS

MICROSTRUCTURE OF RECRYSTALLIZED .002 INCH TZM FOIL .

HONEYCOMB SPECIMEN WITH DIFFUSION SINK POWDER
PTACED AT FILLETS AND NODES , , . . . . . . . . . . .

TYPICAL .002 - .013 INCH BRAZED TEE JOINT SPECIMEN
TEE JOINT TESTING JIG . . . . . « &« & v « o & « & &

HONEYCOMB SPECIMEN TESTING JIG . . . . . . . . . . .

TEST JIG FOR BEND TRANSITION TEMPERATURE DETERMINATION

NOTCHED TENSILE TRANSITION TEMPERATURE SPECIMEN . ., .
LAP JOTINT SPECIMEN FOR COATING COMPATIBILITY TESTS .

THERMAL EXPOSURE PARAMETER VS
PERCENT RECRYSTALLIZATION FOR TzM , . . . . . . . .

ALLOWABLE POST BRAZE DIFFUSION CYCLES FOR
.002 INCH TZM FOIL . . . . . . . . ¢« + v v v o & o«

DIFFUSION VERSUS TEMPERATURE FOR A
Ti-Mo DIFFUSION COUPLE . ., . . . . . « « « « & & +

TZM TEE JOINTS BRAZED WITH Ti-25Cr-13Ni . . . . . . .
TZ4 TEE JOINTS BRAZED WITH Ti-1ONi-6Si . . . . . . .
TZM LAP JOINTS DIFFUSED 20 HOURS AT 2050F . , . . .

TZM LAP JOINTS DIFFUSED 20 HOURS AT 2050F AND
REMELT TESTED T

MICROSTRUCTURES OF AS-BRAZED AND
DIFFUSED Ti-25Cr-13Ni LAP JOINTS . . . . . . . . .

TZM TEE AND HONEYCOMB SPECIMENS BRAZED WITH
Ti-25Cr-13Ni AND DIFFUSED e e e e e e e e e e s

TRANSVERSE BEND TRANSITION TEMPERATURE OF 0.013 INCH
TZM SHEET AND BRAZED TZM LAP JOINTS . , . . . . . .

TRANSVERSE NOTCHED TENSILE TRANSITION TEMPERATURE OF
L002 INCH TZM FOIL . . , . . . « v v o v v & o v v

MICROSTRUCTURES OF Ta-10W LAP JOINTS
BRAZED WITH Ti AND Ti-30V . . . . . . . . « . . . .

MICROSTRUCTURES OF Ta-10W LAP JOINTS
BRAZED WITH 33Zr-34T1i-33V . . . . . « v « « « « « « &

PAGE

11
13
15
15
17
19

19

29

30

31
36
37

38

40

41

46

47

49

56

58



\
1

t
L
L

FIGURE

22

23

24

25

26

27

28

29

30

31

32

33

Al

A2

A3

Ad

A5

Af

LIST OF ILLUSTRATIONS (Continued)

Ta-10W LAP JOINT BRAZED WITH Cb-1.3B - AS-BRAZED , . . . . . .

MICROSTRUCTURES OF Ta-10W HONEYCOMB FOIL
AFTER DIFFUSION TREATING . . . . . . . . .

- . - . .

Ta - 10W HONEYCOMB SPECIMENS BRAZED WITH PURE TITANIUM . . . .

Ta-10W HONEYCOMB SPECTMENS BRAZED WITH Ti-30V

TRANSVERSE BEND TRANSITION TEMPERATURES OF
BRAZED Ta-10W LAP JOINTS . . . . . . .

TRANSVERSE NOTCH TENSILE TRANSITION TEMPERATURE

OF ,002 INCH Ta-lOW FOIL , . . . . . . . . .

THERMAL GRADTENTS IN RESISTANCE HEATED COATING

COMPATIBILITY SPECIMEN ., ., . . . . . . .

COMPATIBILITY OF PFR-6 COATING
WITH Ti-25Cr-13Ni ONTZM . . . . . . .

COMPATIBILITY OF Sn-25A1 COATING WITH Cb-1.3B ON Ta-1OW . . . ,

COMPATIBILITY OF UNMODIFIED SILICIDE COATING
WITH Cb-1.3BON Ta-10W ., , . . . . . . . . .

COMPATIBILITY OF UNMODIFIED SILICIDE COATING
WITH Ti-30V ON Ta-10W . . . . . . . . . . .

TZM HONEYCOMB PANEL BRAZED WITH Ti-25Cr-13Ni

APPENDIX A
ESTIMATED LIQUIDUS TSOTHERMS IN THE Ti-Cr-Ni

ESTIMATED 'LIQUIDUS ISOTHERMS IN THE Ti-RICH
CORNER OF THE Ti-Ni-S5i SYSTEM ., , . . . .

SYSTEM ., . . .

- . - . P

ESTIMATED LIQUIDUS ISOTHERMS IN THE Ti-V-Zr SYSTEM . . . . . .

ESTIMATED LIQUIDUS ISOTHERMS IN THE Ti-V-5i-Ta SYSTEM

ESTIMATED LIQUIDUS ISOTHERMS IN THE Ti-V-Zr-Cb SYSTEM . . . ., .

ESTIMATED LIQUIDUS ISOTHERMS IN THE Ti-V-Zr-Ta SYSTEM .

PAGE

59

62
64

65

66

67

72

74

74

76

76

78

92

93
94
97
99

100



FIGURE

Cl1

c2

€3

A

C5

cé

c7

c8

co

Cig

D1
D2

D3

D4

D5

D6

D7

D8

D9

D10

LIST OF TILLUSTRATIONS (Contimued)

APPENDIX C

TZM TEE JOINTS BRAZED WITH

TZM TEE JOINTS BRAZED WITH

DIFFUSED 20 HOURS AT 2040F .

TZM TEE JOINTS BRAZED WITH

TZM TEE JOINTS BRAZED WITH
DIFFUSED 20 HOURS AT 2040F

TZM TEE JOINTS BRAZED WITH

TZM TEE JOINTS BRAZED WITH

DIFFUSED 20 HOURS AT 2040F .

TZM TEE JOINTS BRAZED WITH

TZM TEE JOINTS BRAZED WITH
DIFFUSED 20 HOURS AT 2040F

TZM TEE JOINTS BRAZED WITH

46Zr-34V-20Ti - AS BRAZED
46Zr-34V-20T1 -
46Zr-34V-20Ti - AS BRAZED .

L6Zr-34V-20Ti -

- . - . - . . - . . . . .

Ti-BNi-75i - AS BRAZED

Ti-8Ni-78i -

- L] . . . -

Ti-25Cr-10Ni - AS BRAZED

Ti-25Cr-10Ni -

33Zr-34Ti-33V - AS BRAZED .

TZM TEE JOINT BRAZED WITH 33Zr-34Ti-33V -

DIFFUSED 20 HOURS AT 2040F .

. . - - . . a -

APPENDIX D

Ta-10W TEE JOINTS BRAZED WITH Cb-26V . e e .

Ta-10W TEE JOINTS BRAZED WITH Cb-10Ti-5Zr . .,

Ta-10W TEE JOINTS BRAZED WITH Cb-1.8B o e e s

Ta-10W TEE JOINTS BRAZED WITH Cb-1.3B . . . . . . .

Ta-10W TEE JOINTS BRAZED WITH Ti-28Zr-15Mo-10Ta -

AS BRAZED , . .

L » . . - - - - -

Ta-10W TEE JOINTS BRAZED WITH Ti-28Zr-15Mo-10Ta -

DIFFUSED 10 HOURS AT 2850F .

- . .

Ta-10W TEE JOINTS BRAZED WITH Ti-21.5V-1.58i-25Ta -

AS BRAZED . . . . . .

. -« . . - . -

Ta-10W TEE JOINTS BRAZED WITH T{i-21,5V-1,55i-25Ta -

DIFFUSED 10 HOURS AT 2850F .

- . - - . . - a - -

Ta-10W TEE JOINTS BRAZED WITH Ti-27V-7Fe - AS BRAZED .

Ta-10W TEE JOINTS BRAZED WITH Ti-27V-7Fe -

DIFFUSED 85 HOURS AT 2050F .

- . . -

-

PAGE

111

112

113

114

115

116

118

119

120

121

124

125

126

127

129

130

131

132

133

134



FIGURE

D11

D12

D13

D14

LIST OF ILLUSTRATIONS (Continued)

APPENDIX D

Ta-10W TEE JOINTS BRAZED WITH 33Zr-34Ti-33V -
AS BRAZED .

Ta-10W TEE JOINTS BRAZED WITH 33Zr-34Ti-33V -
DIFFUSED 40 HOURS AT 2130F

Ta-10W TEE (HONEYCOMB) JOINT BRAZED WITH
33Zr-34Ti-33V - STEP DIFFUSION TREATED

Ta-10W TEE JOINTS BRAZED WITH Ti-29V-251 - AS BRAZED

PAGE

135

136

137

138



LIST OF TABLES

TABLE PAGE
I CHEMICAL ANALYSIS AND PROCESSING HISTORY
OF TZM MATERTALS , . . . . . . v ¢ & v v o v i s i s e i e e w e &
1T CHEMICAL ANALYSIS OF TANTALUM ALLOY MATERIALS . ., . . .. ... . 5
111 TZM PRE-BRAZE CLEANING PROCEDURE . . . . . . . . . . . . ... .. B8
v PRE-BRAZE CLEANING PROCEDURE FOR TANTALUM BASE ALLOYS . . . . . . 9
v CANDIDATE TZM BRAZE SYSTEMS . . . . . ., . . . « + « . « + « « . . 23
VI FINAL TZM BRAZE SYSTEMS . . . . . . . . . . . « ¢« v « v &« « v « . 25
VIt TZM BRAZE ALLOY PROPERTIES . . . . . . . . . ¢ .+« « v v « & v « . 25
VIII SINK POWDER PARAMETER DATA . . . . . . . . « « « « « o v o o « . . 27
IX TZM TEE JOINT REMELT TEMPERATURES . . . . . ., . . . . . + . . . . 33
X TZM LAP JOINT REMELT TEMPERATURES . . . . . . . . . . . . . . . . 39
X1 SHEAR STRENGTHS OF TZM LAP JOINTS
BRAZED WITH Ti-25Cr-13Ni . . . . . . & + v v ¢ o v & o v o « « . . 43
X171 REMELT TEMPERATURES OF TZM HONEYCOMB
BRAZED WITH Ti-25Cr-13Ni . . . . . . 4 « 4 & v v v v v o v « « . . 44
XIII  TANTALUM BRAZE SYSTEMS ., . . . . . . . . « « + s « ¢« = « + « « « . 51
X1V SELECTED TANTALUM BRAZE SYSTEMS . . . . . . . . . . . . .., . . . 53
XV TANTALUM BRAZE ALLOY PROPERTIES , . . . . . . . . . . « .+ « . . . 53
AVl Ta-10W LAP JOINT REMELT TEMPERATURES . . . . . . . . . . . . . . . 60
XVIT Ta-10W LAP JOINT SHEAR STRENGTHS AT 3500F , . . . . . . . . . . . 60
AVIIT Ta-10W HONEYCOMB REMELT TEMPERATURES , ., . . . . . . . . . . . . . 61
XIX Ta-8W-2Hf TEE JOINT STRENGTH TESTS . . . . . . . « « + + = + » . . 69
XX Ta-30Cb-7.5V TEE JOINT STRENGTH TESTS . . . . . . . +« « + « . . . B9
ZX1 Ta-8W-2Hf LAP SHEAR STRENGTHS . . , . . . . . . . .. . . ... .70
XXIT Ta-30Cb-7,5V LAP SHEAR STRENGTHS . . . . . . . . . . . .+ « « . . 70
XXIIT COATING-BRAZE ALLOY COMPATIBILITY ., . . . . . . . . . . . . . . . 73

xi



I INTRODUCTION

The general goal of this program was to develop braze alloys and techniques
for the fabrication of molvbdenum and tantalum alloy honeycomb panels for high
temperature service,

Specific program goals for the program were established as follows:

Molvbdenum Alloy: Mo-,5Ti-.08Zr (TZM)

1., Development of braze alloys and techniques for brazing below the recrystalliza-
tion temperature of TZM, with joint remelt capability up to 3300F.

2. Davelopment of braze alloys and techniques for brazing closed cell honeycomb
panels which will withstand a single exposure at 3000F for one hour with a 1.2 psi

flatwise tensile stress on the panel face sheets,

3. Determination of braze system - coating compatibility under an exposure of one
hour at 3000F in a 1,2 psi air atmosphere,

4. Demonstration of the manufacturing applicability of the brazing alloys and tech-
niques developed during the program, using the Nortobraze process.

Tantalum Alloys: Ta-10W, Ta-8W-2Hf, Ta-30Cb-7.5V

1. Development of braze alloys and techniques for brazing in the 2000-3150F range
with a 3800F joint remelt temperature.

2. Development of braze alloys and techniques for brazing closed cell honeycomb
panels which will withstand a one-hour exposure at 2500-3500F with a 1.2 psi
flatwise tensile stress on the panel face sheets, A temperature of 2500-3000F
was required for the Ta-30Cbhb-7.5V alloy.

3. Development of conventional braze alloys which flow 200-300F above the intended
service temperatures and can meet the requirements of goals 2 and 4.

4., Determination of braze system - coating compatibility under conditions of one
hour at 2500-3500F in a 1.2 psi air atmosphere,

Approaches for achieving a high temperature brazing system include (1) volatiliza-
tion of the melting point depressant element, (2) formation of intermetallic compounds
with the melting point depressant element {reactive brazing), (3) brazing at tempera-
tures from 200 to 300F above the service temperature {conventional brazing), and
(4} diffusion of the melting point depressant element into a high melting solid solu-
tion (diffusion sink brazing),

In the first method, the addition of a volatile element strongly depresses the
initial melting point of the braze alloy. After brazing, the braze joint may be held
at a temperature somewhat below the braze temperature in a dynamic vacuum, As the
volatile element is evaporated from the joint the remelt temperature is increased.
This approach does not appear to be feasible for lap joints or closed-cell honeycomb
structures,

Manuscript released by the authors August 1964 for publication as an RID Technical
Documentary Report.



The second approach is based on the use of a braze alloy containing a strong
melting temperature depressant., The depressant is selected to react with the base
material or a suitably placed second component, to form a high melting intermetallic
compound during a post-braze diffusion treatment. By removing the depressant in this
manner, the joint remelt temperature is increased.

The concept of reactive brazing offers some potential for increasing joint remelt
temperatures. However, successful application of this concept is highly dependent
upon controlling the intermetallic compound reaction to form discrete particles, If
continuous intermetallic compound films are present in grain boundaries or aleng the
base metal-braze alloy interfaces, joint ductility will be seriously impaired.

The third concept is employed for the majority of brazements made today. However,
a service temperature of 200-300F below the recrystallization temperature would be
required for TZM. Above this critical temperature very rapid recrystallization,
grain growth, and severe embrittlement would render the base alloy useless as a struc-
tural material.

Since tantalum alloys are not embrittled by recrystallization and grain growth,
conventional brazing may be employed. However, this approach requires the use of
cold-wall vacuum furnaces which generally are small and expensive,

Finally, in the diffusion sink concept, the braze alloy is placed so as to flow
and fillet properly at the required braze temperature. The diffusion sink may be a
powder concentrated at the needed areas and/or the base metal itself, A subsequent
diffusion treatment will permit the braze alloy and diffusion sink to interact in
the joint to form a new alloy with a higher melting temperature,

The braze alloy and diffusion sink powder should form solid solutions with one
another, In addition, all possible interactions between braze alloy, sink powder,
and base material should result in solid solution formation, thus avoiding brittle
joints,

Because of these considerations, the diffusion sink approach to achieving high
service temperature braze alloys was adopted in this program as the principal guide.
However, some attention was directed to the development of brazing alloys for con-
ventional brazing of the Ta base alloys,



I1T MATERIALS

Most of the braze systems selected contained substantial amounts of reactive
metals such as Ti, V, Zr, Cb, Mo, and Ta. Mechanical properties of these metals are
greatly influenced by their interstitial content. Therefore, commercially available
metals of the highest purity were used as starting materials for braze alloy prepara-
tion.

Available chemical analyses and processing histories of the molybdenum and tanta-
lum base alloys used in this program are recorded in Tables I and II, respectively,

Government-furnished cleosed cell TZM core (3/16 cell x .002 foil x .50 inch
thick) was used in this program. The core was produced by Martin-Marietta Corpora-
tion, under Contract No. AF 33(657)-7276, using an electron beam welding technique.

Tantalum brazing studies employed closed cell, diffusion bonded, Ta-10W core
(1/4 cell x ,002 foil x ,50 inch thick). This core was diffusion bonded by Hexcel
Products Incorporated, using a node intermediate consisting of .002 inch Cb 752
foil coated on both sides with 60-100 micro-inches of titanium. The majority of
core was fabricated from portions of the two foil lots listed in Table T1I,
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ITI PROCEDURES

PRE-BRAZE CLEANING

A11 TZM and tantalum alloy base materials were chemically cleaned prior to
brazing., A number of cleaning procedures were evaluated; final selection was based
on surface appearance, etching weight loss data, metallographic analysis for inter-
granular corresion and braze alloy flow tests.

A TZM pre-braze cleaning procedure reported in the literaturel produced excellent
results on .013 inch TZM sheet, However, the .002 inch TZM foil for this program
contained a surface contamination layer which was clearly visible after a recrystal-
lization treatment as shown in Figure 1. Therefore, it was necessary to remove about
20% of the original thickness of the foil,

Table 11T outlines the two TZM cleaning procedures adopted for materials with
heavy and light surface contamination. Only the .002 inch foil required the proced-
ure for heavy surface contamination. Nevertheless, most of the TZM sheet was cleaned
using the procedure for heavy contamination to assure surface cleanliness.

The tantalum alloys were cleaned using the procedures outlined in Table IV,
While the 25HF-25HNO3-50H0 etchant produced excellent results on Ta-10W, light smut
formation was observed on the Ta-8W-2Hf and Ta-30Cb-7.5V alloys., However, the
12,5HF-25HNO3-62. 5Hp S04 etchant eliminated this problem,

BRAZE SYSTEM PLACEMENT

Development of procedures for placing braze alloys and diffusion sink powders
on honeycomb specimens was based on the following assumptions:

1, Sink powder is undesirable between the edges of the core and the face
sheets,

2. Sink powder should be placed only at the fillets and nodes of the core.

3. Braze alloys should be placed on the face sheets only.

A number of sink powder placement methods were investigated. The most effective
procedure involved dipping both edges of the core into a shallow (.005-.020 inch)
low viscosity suspension of -400 mesh powder suspended in clear nitrocellulose lacquer.
After the suspension flowed up the nodes by capillary action, the core was placed be-
tween glass or teflon plates and slowly rotated to maintain even distribution of the
sink powder in the nodes until the lacquer dried. Any excess powder on the dipped
edges of the core was removed by a flat scraper. Powder loading in nodes was deter-
mined by weight measurements,

Fach side of the core was again dipped into a more viscous lacquer-powder sus-
pension to deposit powder at fillets., Excess powder along the core edges was removed
by a flat scraper. The fillet loading on each side of the core edges was determined
individually by weight measurements. Total lineal distances of nodes and fillets were
approximately equal in the core configurations that were employed. Therefore, approxi-
mately 50 percent of the desired sink powder quantity was placed in nodes and the
balance divided equally between the fillet areas on both sides of the core.
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TABLE ITI

TZM PRE-BRAZE CLEANING PROCEDURE

1. Vapor Degrease.

2. Alkaline clean - 6-10 oz/gal Wyandotte Nuvat at 180F i+ 1OF
for five to ten minutes or equivalent alkaline cleaner.

3. Cold tap water rinse.

l

I

Surface Contamination

4.

0 =t

9.
10.

11,
12.
13.
14,

Alkaline Etch

10 wt. % NaOH

5 wt, % KMnOg

85 wt., % H-0

Use fifteenr minutes at 220F + 10F

Cold tap water rinse.

Smut Removal

15cc HpS804 (967)

15ce HCL (38%)

70cc Ha0

12 gm Chromiec Acid

Use ten minutes at 220F + 10F

Cold tap water rinse
One mimute in alkaline etch (same

composition as Step 4)at room temperature

Cold tap water rinse

Thirty seconds in smut remover (Step 6)

at 220F + 10F
Cold tap water rinse
Distilled water rinse
Alcohol dip (optional)
Alr dry

Typical Weight Loss

.002
.013
.040

NOTE:

Inch TZM Foil 15-20%
Inch TZM Sheet 3-4%
Inch TZM Sheet 1-27%

Light Surface Contamination

4,

Alkaline etch

10 wt, % NaOH

5 wt. % KMnO4

85 wt. % Hy0

Use five minutes at
90F + 10F

Cold tap water rinse

Smut removal

15cc Hy50, (967%)

l5ce HCI (38%)

70ce HpO

12 gm Chromic Acid

Use five minutes at
120 F + 10F

Cold tap water rinse
Distilled water rinse

Alcohol dip (optional)
Air dry

Typical Weight Loss

.002
.013
.040

For heavily contaminated TZM core,clean in accordance
Heavy Surface Contamination, but modify steps 4 and 6

Inch TZM Foil 2%
Inch TZM Sheet .5%
Inch TZM Sheet .27

with procedure for
immersion times to

5 mimite steps to vield a total of 15 minutes in each solution.
Example: 5 minutes in alkaline etch, rinse, 5 minutes

rinse, 5 minutes in alkaline etch .,

in smut remover,

. Typical weight loss 15-207%
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TABLE IV

PRE-BRAZE CLEANING PROCEDURE FOR TANTALUM BASE ALLOYS

Vapor degrease.

Alkaline clean - 6-10 oz/gal Wyandotte Nuvat at 180 F + 1OF for five to ten
minutes or equivalent alkaline cleaner,

Cold tap water rinse.

i 1
Ta-10W Ta-gW-2Hf (T-111) and
Ta-30Ch-7.5V
Acid Etch &, Acid Etch
25 Vol, 7 HF (49%) 12,5 Vol. % HF (49%)
25 Vol. % HNO4q (70%) 25 Vol, 7 HNOg (70%)
50 Vol. % Hy0 62.5 Vol. 7 HpS04 (98%1)
Use five minutes at room temperature Use five minutes at room
L temperature |

Cold tap water rinse,

Distilled water rinse,

Alcchol dip (optional on sheet, preferable on core),
Air dry.

Typical Weight Losses

|

Ta-10W Ta-8W-2Hf (T-111) and
Ta-30Cb-7.5V

5-7% on ,002 Inch Foil 1,2% on .010-,012 Inch Sheet
2% on .010 Inch Sheet



In all cases sink powder quantities and distribution were maintained within
+ 15 percent of the desired amount, The minimum amount of sink powder that could be
placed on the core in a reproducible manner was approximately .003 cm3 per square
inch of core, Figure 2 shows a typical honeycomb specimen with sink powder placed
at fillet and node areas. The procedure for placing sink powder on tee joint speci-
mens was similar to that used for honeycomb specimens.

Braze alloy powder placement on tee and honeycomb specimens was accomplished by
screening the material onto suitably masked base sheets, A fine-mesh screen was loaded
with powder and then vibrated and rotated over the base sheets to provide an even dis-
tribution of braze alloy. Powder loading rate was controlled by weighing each base
sheet before and after placement. Once the desired loading was attained, several drops
of lacquer were used to anchor the powder in place.

Braze alloy powder was hand placed on lap jeints involving small faying areas.
A fixed quantity of powder was weighed out, spread over the desired area with the aid
of a metal mask, and anchored in place with lacquer. Lap joints with large faying
areas required use of the above-mentioned screemning technique for braze alloy place-
ment,

In cases where foil braze alloys were used, the foil was simply cut to the
desired size, positioned on the particular specimen and held in place with lacquer or
by spot-welding.

BRAZE ALLOY FABRICATION

Experimental braze alloys were produced by conventional, non-consumable tungsten-
arc melting in a water-cooled copper hearth, Each alloy was melted six times in a
400 torr high purity argon atmosphere. The alloys were weighed before and after melt-
ing and the compositions assumed to be correct if no appreciable weight changes were
noted. A qualitative measure of ductility was obtained by chiselling a chip from
each alloy. The following desipgnations were used to rate ductility:

Ductile Substantial chip curling or deformation,
Slightly Ductile  Some chip curling or deformation,

Brittle No visible deformation.

Very Brittle Button fractured when struck with chisel.

Melting temperatures were determined on sections cut from each alloy. These sec-
tions were placed on refractory metal sheets, heated in a 300 torr high purity argon
atmosphere and melting temperatures determined wvisually. Temperatures to 3050F were
measured by Pt/Pt-10Rh thermocouples; W/W-26Re couples or a micro-optical pyrometer
were used at higher temperatures. Accuracy of melting temperature determinations was
estimated to be within + 20F to 3050F and + 40F at higher temperatures.

In most cases, Rockwell "C" hardness and density of as-melted alloyswere measured.
Density values were determined by the Jolly balance technique.

A number of braze alloys were reduced to powder to provide an economical and
convenient form for brazing. To facilitate powdering, the alloys were embrittled
by hydriding for 30 to 90 minutes at 500-1000F in pure hydrogen flowing at approxi-
mately 30 CFH, The hydrogen gas used was a high purity grade which was passed
through a platinum catalyst and a titanium-chip getter, operating at 1550F, to
assure a clean gas,

10
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After hydriding, the alloys were wef-crushed to -100 mesh in a steel mortar and
pestle. Perchlorethylene was used to prevent oxidation of the powder during the
crushing operation,

The liquidus temperatures of as-hydrided and powdered alloys were determined and
compared to as-melted liquidus temperatures as a quality control measure, The duc-
tility of the melted powder was also compared to as-melted ductility as a further
quality control measure. Ductility was determined by the chisel ductility test. Tt
was found that this ductility test and particularly liquidus temperature determina-
tions were quite sensitive measures of contamination,

SPECIMEN BRAZING

A number of ,002-.013 inch TZM and ,002-.010 inch Ta-10W "5" type tee joints were
brazed. A typical specimen is shown in Figure 3, This same configuration was used
to braze tee joints with .010 inch Ta-8W-2Hf and .013 inch Ta-30Cab-7.5V. Edges of the
tee sections were machined flat and parallel before precision bending to the "“S"
shape. Corner areas of the tees were machined out to prevent vertical braze alloy
flow, A constant volume of braze alloy (.025 em3 for TZM and .030 cm3 for the tan-
talum alloys) was placed on each base sheet along a 3/16 inch wide zone running along
the tee section. This placement approach simulated the condition existing in a honey-
comb panel with braze alloy evenly applied to base sheets,

The .002 inch tee sections were held in a Ta-10W jig to prevent buckling and to
maintain close alignment and joint fit during brazing. Brazing was performed in a
cold-wall tantalum furnace operating at 10-% - 10~5 torr vacuum. Initial heating was
limited by the rate of outgassing of lacquer and hydrogen from the braze alloys, Out-
gassing was completed at approximately 1200F. Then the heating rate was increased to
approximately 500F/min., until the braze temperature was reached, This was followed
by a one minute hold time at the brazing temperature, Several specimens were also
brazed in argon, However, they were outgassed to approximately 1200F in vacuum before
backfilling with argon to 300 torr,

Temperatures to approximately 3050F were measured and controlled by Pt/Pt-10Rh
thermscouples. A micro-optical pyrometer or W/W-26Re couples were used for higher
temperatures,

Lap shear specimens were brazed using 2.0 x .50 inch blanks positioned in a
tantalum jig and overlapped .120 - .140 inch. Base metal thickness was ,040 inch
except for Ta-30Ch-7,5V which was ,030 inch. 1In general, a constant volume (,002 em3)
of braze alloy was placed in the faying plane of each specimen. 1In some cases braze
alloy was placed outside the joint and allowed to flow in by capillary action. All
specimens were dead-weight loaded to approximately 2 psi on the faying planes to main-
tain joint contact during brazing., Brazing procedures were the same as those used on
tee joints.

Lap joint specimens for coating compatibility studies were brazed with the same
gages of materials used for lap shear specimens. However, the coating laps were
shaped like sheet tensile specimens with a joint overlap of 3/8 x 1-15/16 inches in
the reduced section. A constant braze alloy volume of .025 em3 was used on Ta-10W
specimens and .012 cm3 on TZM specimens. Brazing procedure was the same as that used
for lap shear specimens.

Each lap joint for bend transition temperature determination was brazed using
two 2.5 x 2.5 inch squares of ,010-.013 inch sheet, Braze alloy was centered on a
2 x 2 inch area between the sheets. A constant braze alloy volume of .20 cm3 was
used on tantalum alloys and .10 cm3 used on TZM. Each joint was dead-weight loaded

12
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at 0.5 psi during brazing. Then the joints were sectioned Into the required number

of bend transition temperature specimens, The 2 x 2 inch and 1 x .75 inch honeycomb
specimens were fabricated in a similar manner. The TZM specimens were brazed with
.013 inch face sheets and 3/16 cell x ,0016 foil x .50 inch thick closed cell electron
beam welded core. Original foil thickness of the core was ,002 inch but it was neces-
sarily reduced to .0016 inch by chemical cleaning to remove surface contamination. The
Ta-10W specimens were similar to TZM specimens except that .010 inch face sheets were
used and the closed cell diffusion bonded core configuration was I/4 cell x .002 foil
% .50 inch thick.

Length and width dimensions of face sheets were cut approximately 1/2 inch larger
than the length and width of the core. Braze alloy placement on each face sheet was
limited to an area slightly larger than the area covered by core. Braze alloy loading
on TZM honeycomb specimens was ,046 em3/in.2 on each face sheet, Loading on Ta-10W
specimens was maintained at .033 em3/in.2 on each face sheet, All specimens were dead
weipht loaded to 0.5 psi during brazing. Brazing cycles and procedures followed those
used for tee joint brazing.

DIFFUSTION TREATMENT

Most of the diffusion treatments were conducted in a tantalum cold-wall vacuum
furnace with the specimens exposed to the vacuum system. In some cases specimens were
placed in a small rigid F82 (Cb-33Ta-,7Zr) retort which was sealed by electron beam
welding, The retort was placed in the furnace for diffusion treating. Temperatures
were measured and controlled by a W/W-26Re thermocouple, Furnace vacuum level was
approximately 5 x 104 torr at the beginning of a diffusion run and increased to ap-
proximately 2 x 106 torr within a few hours.

METALLOGRAPHIC

Metallographic polishing of TZM and Ta-10W braze joints was relatively straight-
forward., It was necessary to use two different etchants on TZM specimens to develop
braze alloy and base metal microstructures., However, no troublesome interactions were
encountered with this double etching procedure,

Metallographic etching of Ta-10W braze joints posed some prablems., All etchants
rapidly attacked most of the braze alloys before base metal structure could be devel-
oped, Therefore, it was necessary to etch and photograph the braze alloy and base
metal independently. Then a paste-up of these photographs was prepared and re-photo-
graphed to represent jeoint microstructure,

HIGH TEMPERATURE TEST

Remelt temperatures were determined on TZM and Ta-10W tee joints using the jig
arrangement shown in Figure 4, Remelt test specimens, cut from the "S!" tees previously
discussed, were 1/2 inch wide. A 42 gm. tantalum weight was hung from a hole drilled
through the foil leg of each tee, This load produced a tensile stress of approximately
120 psi on the foil which was equivalent to a flatwise tensile stress of 1.2 psi on a
panel using a core configuration of 3/16 cell x .001l6 inch foil.

The testing jig was positioned in a tantalum furnace and heated at approximately
600 F/minute in a 10™% to 1072 torr vacuum, Temperatures were measured by an optical
pyrometer sighted on the base of the tee. Remelt temperature was recorded as the
temperature at which the joint failed.

14



FIGURE 4 TEE JOINT TESTING JIG

FIGURE 5 HONEYCOMB SPECIMEN TESTING JIG
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Strength tests on TZM and Ta-1lOW tee joints were conducted using the specimen
configuration and jig arrangement discussed above, However, the tantalum weight was
increased to achieve a maximum foil tensile stress of 650 psi. Similarly the same
650 psi base metal tensile stress was maintained on the Ta-8W-2Hf and Ta-30Cb-7,5V
tees which were made from .010 and .013 inch sheets, respectively. These strength
tests were conducted in the same manner as remelt tests. Applied stress and failure
temperature were recorded for each specimen.

Remelt tests on honeycomb specimens were conducted using the jig arrangement
shown in Figure 5. The top face sheet of the panel was supported by two 1/4 inch
diameter tungsten rods. Two similar rods were placed across the lower face sheet,
rotated 90 degrees from the top rods. Doublers, spot welded or clipped to the face
sheets, were used to evenly distribute the load and minimize bending. A lead pan
containing tungsten plates was suspended from the bottom rods. Honeycomb specimens
were dead weight loaded to produce up to 1.2 psi flatwise tensile stress on the panel.
Remelt testing procedure was similar to that used on tee joints., This same approach
was used to determine the effects of a 1.2 psi stress on a specimen during elevated
temperature exposure for one hour.

Remelt and high temperature strength tests on lap joints were conducted in a
double gun electron beam testing furnace positioned in a tensile testing machine.
The electron beam was adjusted to limit heating rates in the lap area to 600F/minute,
Temperatures were measured by a two-color optical pyrometer calibrated against a
Pt/Pt-10Rh thermocouple to 3000F. For the remelt tests, the specimens were dead
weight loaded to 2.4 pounds. This load produced a tensile stress of approximately
120 psi on the base material and 40 psi shear stress on the joint. For the strength
tests the specimens were heated to the test temperature, under ne load, followed by
immediate loading at a head speed of .05 inch/minute.

TRANSITION TEMPERATURE TEST

Base Metal

Ductile-to-brittle transition temperatures of .010-,020 inch TZM and tantalum
alloys were determined by transverse bend testing. All transverse bend transition
samples were sheared with the width dimensions parallel to the sheet rolling direc-
tion. These specimens were machined to finish dimensions of 0.5 x 1.0 inch by
grinding at least .025 inch from each edge.

The bend jig shown in Figure 6 was positioned in an insulated container which
could be filled with various fluids to attain test temperatures ranging from 212 to
~-320F. Temperatures from 212F to room temperature were achieved using water heated
by a resistance element. Temperatures to -125F were produced by filling the con-
tainer with acetone and pumping liquid nitrogen through a copper cooling coil immersed
in the acetone, Temperatures from -125 to -250F were produced in a similar manner
by replacing the acetone with 2-methylbutane. A temperature of -320F was produced
by filling the container with liquid nitrogen. In all cases temperatures were
measured and controclled by an iron-constantan thermocouple positioned on the bend
jig adjacent to the sample.

The jig and container assembly were positioned on a compression load cell in a
tensile test machine, Deflection was determined by running the tensile machine at
a head speed of .05 inch/minute. A load versus time curve was made for each run
using a chart speed of 10 inches/minute, Thus, each inch of chart travel corre-
sponded to .005 inch deflection., Specimen fracture was detected by a sharp drop

in load.
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In many cases hend angle values represent a more meaningful measure of joint
ductility than deflection values. Therefore, several calibration tests were con-
ducted on representative specimens to provide a direct correlation between bend
angle and bend deflection data, Bend deflection and bend angle at fracture were
plotted as a function of test temperature to determine the bend transition tempera-
ture.

Transverse notched tensile test specimens with dimensions as shown in Figure 7,
were used to determine tramsition temperatures of ,002 inch TZM and Ta-10W foils.
Test temperatures below room temperature were achieved using an environmental chamber
cooled with liquid or gaseous nitrogen. Temperatures above room temperature were pro-
duced by a portable recirculating air heater. An iron-constantan thermocouple was
clipped to the reduced section of each test specimen for temperature measurement and
control.

The specimens were positioned in a tensile testing machine by shear pin loading
in doubler-type grips to prevent buckling., Testing was conducted at a head speed of
0.1 inch per minute to failure. Notched tensile strengths were plotted as a function
of test temperature to determine the ductile to brittle transition temperatures,

Braze Joints

Transverse bend transition temperature tests on brazed lap joints were conducted
using the same basic procedures, equipment, and specimen geometry used for base metal
bend tests, In some cases these specimens failed by braze joint cracking alone, This
type of failure could not be detected from load versus deflection curves. Therefore,
it was necessary to metallographically examine selected samples after testing to
determine presence and magnitude of cracking,

Bend transition tests were conducted on 3/8 inch wide brazed tee specimens cut
from the "S" tee joints previously described. The vertical leg of each specimen was
bent .040 inch above the base sheet using a flat ram with an edge radius of 1/64 inch
and a head speed of .05 inch per minute., Bend deflection and bend angle at fracture
were recorded at several test temperatures, These tests were conducted using the same
basic procedures used for bend testing. However, the bend test jig was replaced with
a jig specifically designed for this type of test,

COATING COMPATIBILITY TEST

Brazed lap joint specimens of the configuration shown in Figure 8, were employed
for coating-braze alloy compatibility tests. After brazing and suitable diffusion
treatments, specimen edges were rounded to a minimum radius of 0,005 inch prior to
coating,

An unmodified silicide coating for Ta-10W and PFR-6 coating for TZM were applied
by Pfaudler Company using the pack cementation process. A Sn-25Al coating for Ta-10W
was applied at Northrop Norair by lacquer spraying a 758n-25A1 mixture of -200 +
325 mesh powder, After spraying, these specimens were heated to 1925 + 25F for 15
minutes in flowing argen to remove the lacquer and diffuse the coating.

18
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The specimens were tested at temperatures between 2500F and 3500F by direct
resistance heating. All tests were conducted in a 1.2 psi air atmosphere using an
air flow of approximately 5 cubic feet per hour. Temperature was measured by sight-
ing a micro-optical pyrometer on the reduced section of the specimen. In these tests,
brightness temperatures are reported since the emissivities of the coatings under the
reduced pressure conditions used were unknown. Specimens were observed during testing
and any visible coating-braze alloy or coating-base metal interactions noted.

After testing, the specimens were sectioned at the center and the faying plane-
coating area examined by metallographic analysis and microhardness traverses,

20



v RESULTS AND DISCUSSTION

LITERATURE SURVEY

A comprehensive literature survey and analysis, included in Appendix A, was con-
ducted during this program. Relatively little information was found concerning con-
ventional or high remelt temperature brazing of refractory alleys, However, it was
established that among the low temperature brazing approaches employed, diffusion
sink and, to a lesser extent, reactive brazing concepts ocffered greatest potential
for developing high remelt temperatures, together with good joint ductility.

Diffusion sink brazing involves reaction of a braze alloy with the base material
and/or refractory metal powder additions after proper filleting and flow Have occcurred.
The reaction initiates during the braze cycle and i s completed during a post-braze
diffusion treatment. The diffusion reaction produces a new alloy in the joint with a
higher melting temperature. Reactive brazing is based on using a braze alloy contain-
ing a strong melting temperature depressant. The depressant is selected to react with
the base metal and/or powder additions to form a high melting intermetallic compound
during a post-braze diffusion treatment, By removing the depressant in this manner,
the joint remelt temperature is increased.

During the literature survey, several binary and ternary phase diagrams were found
for systems offering good braze alloy development potential. The following systems
appeared most promising for molybdenum brazing.

Ti-Co Ti-Cr
Ti-Ni Ti-Ni-Si
Ti-Co-Cr Ti-Zr-V
Ti-Ni-Cr Zr-V-Ch
Ti-Fe-Cr

Further, it was determined that alloys in these systems should be formulated to
permit brazing at temperatures no higher than -2400F because of the recrystallization
behavior of .002 inch TZM foil,

The most promising conventional brazing systems for tantalum were Cb-V, Cb-Ti,
Ta-B, and Cb-B, For high remelt temperature brazing of tantalum, the following systems
offered the most promise:

Ti-Zr Ta-B
Ti-V-Si Cb-B
Ti-V-Fe Ti-V-Fe-(Cb, Ta, or Mo)
Zr-V-Ti Ti-V-Si-(Cb, Ta, or Mo)

Ti-Zr-(Cb, Ta, or Mo)

Additions of Cb, Mo, and Ta were the most promising diffusion sink powders for
tantalum as well as molybdenum diffusion sink brazing.

21



TZM BRAZING

Braze System Development

In general, published data were not available for predicting effects of re-
fractory metal (diffusion sink) additions on ductility and liquidus temperature of
candidate braze alloy compositions., Therefore, a number of braze systems were alloyed
with suitable refractory metals to simulate diffusion sink additions.

It was assumed, conservatively, that the base metal would contribute a 10 weight
percent Mo addition to a braze fillet. If complete base metal-braze alloy diffusion
occurred in a typical core to base sheet joint (.002 inch core-.010 inch face sheet
-.010 inch fillet radius) a 60 percent Mo concentration would be produced in the
fillet, It was further assumed that sink powder additions representing 15 percent of
the braze fillet weight could be incorporated into a joint, Thus, simulated diffusien
sink additions to each braze alloy were standardized at 10 percent base metal - 15 per-
cent diffusion sink powder,

Braze alloy development was based primarily on Ti as a matrix because it forms
a complete series of solid solutions with Mo, However, it was necessary to depress
the melting temperature of titanium to permit brazing at 2400F or less, There are
no Ti alloys which can meet this requirement and still be completely soluble in Mo.
Therefore, it was necessary to use "incompatible" depressants and obtain the best
possible optimization between braze temperature, depressant content, alley ductility,
and joint ductility.

Table V summarizes the ductility and liquidus temperature data obtained on
candidate TZM braze systems. It was believed that alloys rated ductile or slightly
ductile possessed adequate ductility for use as braze alloys. Applicability of
alloys rated brittle was questionable while those rated very brittle were considered
unsuitable., Thus, alloy #31, Zr-30V-20Cb and alloy #29, Ti-10Co-25Cr were eliminated
from further considerations as braze alloys, Alloy #24, Ti-13Fe-13Cr and alloy #30,
Ti-10Ni-25Zr were eliminated because (1)} they were rated btrittle and (2} they did not
meet the 2400F maximum braze temperature requirement., The latter problem could have
been eliminated by increased solute additions, but only at the expense of a further
reduction in ductility,

The data on Ti-20Co, alloy #26, and Ti-21Ni, alloy #27, showed that both alloys
possessed equivalent ductility., However, Ti-21Ni was more promising because of the
combination of equivalent ductility and greater melting temperature depression pro-
duced by Ni., Similarly for the Ti-Ni-Si compositions, Ti-8Ni-7S8i, alloy #45, pas-
sessed the best combination of ductility and liquidus temperature. Of the Ti-Cr-Ni
systems, Ti-25Cr-10Ni, alloy #176, and Ti-15Cr-13Ni, alloy #34, appeared equally
promising.

&4 Ti-35Cr, alloy #20, braze alloy was considered because it is close to the minimum
melting temperature of the Ti-Cr system. TIn addition, Ti and Cr form solid solutions
with Mo. The high liquidus temperature precluded use of this alloy on TZM honeycomb,
However, it offered potential for brazing heavier gage TZM which possesses greater
resistance to recrystallization.

Several Zr-V-Ti alloys were formulated. These included alloys for brazing at
approximately 2400F and 2550-2600F. The higher braze temperature was desired to deter-
mine ductility after brazing above the recrystallization temperature of TZM core but
below the recrystallization temperature of the base sheets. The 46Zr-34V-20T1,
alloy #162, and 332Zr-34Ti-33V, alloy #102, alloys were the preferred compositions.
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TABLE V

CANDIDATE TZM BRAZE SYSTEMS

Increase In

3

Alloy Composition Liquidus * Liquidus
No. Weight Percent Temp., F Ductility Temp. F
31 Zr-30V-20Ch 2340 VB
29 Ti-10Co-25Cr 2340 VB
24 Ti-13Fe-13Cr 2420 B
30 Ti-10Ni-25Zr 2460 B
26 Ti-20Co 2220 SD
27 Ti-21Ni 2070 sSD
46 75(Ti-21Ni)-25Mo 2700 B 630
47 80(Ti-21Ni)-8Mo-12Ta 2490 B 420
180 Ti-10Ni-6S4 2160 B
177 Ti-11Ni-651 2160 B
90 Ti-7Ni-75i 2320 SD
45 Ti-8Ni-751 2250 SD
50 75(Ti~8Ni-781)-25Mo 2690 B 440
58 75(Ti-8Ni-75i)-10Mo-15Ta 2610 VB 360
176 Ti-25Cr-15Ni 2120 B
179 Ti-25Cr-13N1 2190 B
28 Ti-25Cr-10Ni 2300 Sb
34 Ti-15Cr-13Ni 2290 SD
59 75(Ti-25Cr-10Ni)-15Mo-10Ta 2900 VB 600
60 75({Ti-25Cr-10N1}-25Mo 3060 B 760
49 75(Ti-15Cr-13Ni}-10Mo~15Ta 2745 B 455
48 75(Ti-15Cr-13Ni)-25Mo 2780 B 490
20 Ti-35Cr 2600 SD
56 75(Ti-35Cr) -25Mo 3130 VB 530
57 75(Ti-35Cr)-10Mo-15Cb 2960 VB 360
36 75(Ti-35Cr}-25Ta 2740 B 140
32 38Zr-31V-31Ti 2370 D
42 40Zr-30V-30Ti 2335 D
65 427r-29V-29Ti 2340 D
115 43Z2r-32V-25T1 2350 D
162 4EZr-34V-20T1 2250 D
178 50Zr-32v-18T1 2120 D
43 75(36Zr-35V-29T1) -25Mo 2960 sD 560
35 75(36Zr-35V-29T1) -10Mo-15Chb 2810 5D 460
86 30Zr-35Ti-35V 2570 SD
102 33Zr-34Ti-33V 2480 SD-D
93 75(30Zr-35Ti-35V)-25Mo 3010 5D 440
94 75(30Zr-35Ti-35V) -10Mo-15Ta 2990 SD 420
* D = Ductile B = Brittle

SD = Slightly Ductile VB = Very Brittle



The Mo diffusion sink additions to Ti-Ni, Ti-Ni-Cr, and Ti-~-Ni-S5i braze alloys
produced the largest liquidus temperature increases and minimum reductions in duc-
tility. The severe embrittlement of Ti-35Cr by Mo additions was unexpected based on
phase diagram considerations, The Ti-25Cr-10Ni braze alloy showed the highest remelt
potential of these systems and was selected for evaluation on tee joints, Although
Ti-8Ni-75i alloy exhibited less remelt potential, it was still considered attractive
for two reasons, First, it was a lower melting modification of the Ti-8.551 allov
which has shown large remelt temperature increases in brazing TZM 2, Secondly, it
represented an approach based on a metal-metalloid braze alloy.

Data for the Zr-Ti-V alloys presented in Table V are based on diffusion sink
brazing alone. A Mo diffusion sink addition to the lower melting Zr-Ti-V alloys
produced the largest liquidus temperature increase., Another brazing approach with
this alloy involved a combination of diffusion sink and reactive brazing using carbon
additions. This approach could not be evaluated by additions to alloy melts but re-
quired experiments on actual joint configurations. This was necessary because carbon
must be added to the diffusion sink powder as discrete particles to avoid embrittling

compound films,

The higher melting Zr-V-Ti alloy showed somewhat less remelt potential than the
lower melting modifications. Nevertheless, the alloy was still promising because the
sink additions of Ta and Mo produced essentially equivalent increases in the liquidus
temperature., Since Ta exhibits a higher density than Mo, it offered potential for
placing more sink powder in a braze joint. Therefore, Ta was selected as the diffu-
sion sink for this braze alloy,

With the exception of the Zr-Ti-V alloys, diffusion sink additions reduced braze
alloy ductility to the brittle or very brittle classifications. It was believed
systems rated brittle by the chisel test might still possess sufficient ductility
for honeycomb brazing applications., The Rockwell C hardness of a number of alloys
was measured to determine if (1) hardness could be correlated with chisel test ducti-
lity and (2) if there were any differences between systems rated brittle., This hard-
ness data showed poor correlation with ductility as measured by the chisel test,

A summary of the final TZM braze systems selected for further evaluation is given
in Table VI. Estimates of the amount of diffusion sink required for a 3300F remelt
temperature are also included. These estimates were based on the data of Table V and
phase diapgram considerations.

All final braze alloys were reduced to powder for subsequent studies, Pertinent
braze alloy properties and powdering parameters are included in Table VII, The
T1-25Cr-13Ni and Ti-10Ni-6Si are included for reasons discussed in subsequent sections
of this report,.

Diffusion Sink Powder Parameters

In actual practice, remelt temperature produced by diffusion sink powder additions
will depend upon (1) the remelt increase per unit amount of sink powder added, and
{2) the maximum amounts of various sink powders that can be incorporated into a joint
without affecting braze alloy behavior. Therefore, several .002-,013 inch TZM tee
joints were vacuum brazed with 33Zr-34Ti-33V to determine the following sink powder
parameters:

24



TABLE VI

FINAL TZM BRAZE SYSTEMS

Liquidus Diffusion Estimated % Diffusion Sink Req'd,
Braze Alloy Temp, F Sink Powder For Remelt Temperature of 3300 F
4BZr-34V-20Ti 2260 Ta 45
46Zr-34V-20T1 2260 Mo+BorC 45 (Mo alone)
Ti-8Ni-75i 2250 Mo 55
Ti-25Cr-10Ni 2320 Mo 35
33Zr-34Ti~-33V 2480 Ta 35

TABLE VII

TZM BRAZE ALLOY PROPERTIES

Ductility
Liquidus{(F) Hardness Liquidus(F) of Melted
& Ductility As Cast Density Hydride -100 Mesh Powder
Braze Alloy As Cast {Re) gm/cm3 Treatment _ Powder Patch
4BZr-34V-20T1 2260-D 33 5.88 1000F-% hr 2260 D
Ti-8Ni-73i 2250-5D 53 4.69 850F-1 hr 2260 SD
Ti-25Cr-10Ni 2320-5D 39 5.40 700F-% hr 2300 SD
33Zr-34Ti-33V 2480-SD 33 5.58 1000F-3/4 hr 2480 D
Ti-25Cr-13Ni 2200-B 40 5.47 700F-% hr 2200 B
Ti-10Ni-65i 2160-B 44 4,76 - - -
25



1, The optimum diffusion sink powder particle size.

2. The maximum quantity of diffusion sink powder that can be placed at fillets
without impeding braze alloy filleting and flow.

3. The mechanism responsible for impeded braze alloy filleting and flow in the
presence of high sink powder concentrations.

The test data from this study are recorded in Table VIII. Comparison of specimens
M-5 and M-17 indicated that the -400 mesh Cb sink powder permitted better braze alloy
filleting than -100 +140 mesh Cb powder. These limited results suggested that use of
finer mesh sink powders was more desirable than coarser particle sizes, However, it
was impractical to use sink powders finer than -400 mesh. Therefore, -400 mesh powders
were used for all subsequent diffusion sink brazing.

Specimens M-5, M-6, and M-7 were brazed with essentially constant volume per-
centages (15-17) of -400 mesh Cb, Mo, and Ta, respectively. All of these specimens
exhibited unacceptable braze alloy filleting. The braze alloy appeared to have
sponged into the sink powder leaving very small, starved fillets. Specimen M-5 which
used Cb sink powder exhibited better filleting than the joints employing Mo and Ta.
Specimen M-7, employing the Ta sink, exhibited the poorest filleting. Specimen M-8
brazed with 9 volume percent Ta sink exhibited fair but unacceptable filleting, These
data indicated that various sink powder additions cannot be made on a constant volume
basis. The maximum amounts of -400 mesh diffusion sink powders that could be success-
fully employed were: (1) 15 wt. percent Cb, (2} 10 wt. percent Mo, and (3) 15 wt,
percent Ta. Later tee joint brazing confirmed these values for several braze systems,
Therefore, these percentages were standardized for all subsequent brazing with diffu-
sion sink powders,

Estimated diffusion sink quantities required for a 3300F remelt temperature
(Table VI} were reviewed with respect to the above data. This showed that allowable
sink powder additions represented a relatively small percentage of the total diffusion
sink requirement, Thus, the major portion of the diffusion sink must be supplied by
the base material.

Impeded braze alloy filleting and flow caused by high sink powder concentrations
were believed to be produced by one or both of the following mechanisms:

1, "Trapping'" of the braze alloy in the sink powder due to capillary forces.
2. Rapid braze alloy-sink powder diffusion which raised the braze alloy liquidus
above the braze temperature before proper filleting and flow took place.

Alloy melting data of Table V indicated that an alloy of the approximate composi-
tion 75(33Zr-34T1-33V)-25Mo, alloy #93, should melt at approximately 3000F. This
braze alloy-diffusion sink combination was used to braze specimen M-18 (see Table VIID)
at 3100F which was about 200F above the liquidus of alloy #93, Excellent filleting
was observed, Specimen M-20 was brazed with the same alloy, #93, at 2800F which was
about 100F¥ below the liquidus temperature of the system, This specimen exhibited fair
but unacceptable filleting.

Metallographic examination of other as-brazed tee joints employing sink powders
showed relatively homogeneous fillets with no evidence of unreacted sink powder.
This confirmed the fact that the braze alloy-sink powder diffusion reaction was quite
rapid and indicated that the second mechanism for limiting the amount of sink powder
additions predomimated.
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TABLE VIII

SINK POWDER PARAMETER DATA

Diffusion Sink Braze Temp.
Tee No, Metal Volume 7 Weight 7 (F) Notes
M-17 Cb 17 24 2580 -100 + 140 mesh powder used -
poorer filleting than M-5
M-5 Chb 17 24 2580 Unacceptable filleting, but
better than M-6 and M-7
M-6 Mo 15 25 2580 Poor filleting -
heavy sponging of braze alloy
M-7 Ta 15 34 2580 Very poor filleting -
heavy sponging of braze alloy
M-8 Ta 9 21 2580 Fair filleting -
slight sponging of braze alloy
M-18 Mo 15 25 3100 Excellent filleting
M-20 Mo 15 25 2800 Fair filleting but

unacceptable

Base Material - TZM

Diffusion Sink Powder - 400 Mesh

Brazing Parameters: a) Braze Alloy: 33Z2r-34Ti-33V (Liquidus = 2480F)

Brazed one minute in vacuum
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Diffusion Treatment

An analysis was conducted to determine the optimum diffusion treatment for TZM
braze joints. The allowable total thermal exposure involving brazing, diffusion and
coating processes was limited by recrystallization behavior of the .002 inch TZM foil.
Several tests were conducted to establish recrystallization behavior of ,002 and .013
inch TZM used during the program. These tests were conducted in vacuum using a heating
rate of 600F/minute and a cooling rate of approximately 1500F/minute. Results were as
follows:

% Recrystallization

Single Thermal Exposure .013 Inch TZM Sheet L,002 Inch TZM Foil
2475F - 1 minute 25

2520F - 1 minute 50

2550F - 2 minutes 10

2600F - 1 Minute 100

2675F - 1 minute 30

2750F - 1 minute 1¢0

The above data were used to plot percent recrystallization versus a Larson-Miller
type time-temperature parameter as shown in a portion of Figure 9, This figure shows
that the recrystallization temperature range for the foil is about 175F (5000 time-
temperature parameter units) lower than for the sheet,

Figure 9 further shows that the foil can withstand a single thermal exposure of
about 86,500 units based on a criterion of 50 percent maximum recrystallization,
However, multiple thermal exposures using different times and temperatures produced
more recrystallization than predicted by the parameter. A brazing cycle followed by
a diffusion cycle represents a multiple exposure. Therefore, it was estimated that
the total thermal exposure associated with brazing and diffusion treating should be
limited to K = 83,000 - 85,000,

A variety of time-temperature combinations equaling the desired parameter values
could be employed for the diffusion treatment as shown in Figure 10, A sample calcu-
lation of data used to plot this curve is shown in Appendix B. These data are pri-
marily based on a braze cycle of one minute at 2400F prior to the diffusion treatment,
One curve is included to show the marked increase in diffusion time which is permitted
by reducing the braze temperature to 2300F.

Several diffusion calculations were made to approximate the optimum diffusion
times and temperatures to produce the largest degree of braze alloy-base metal diffu-
sion for a given K value, These calculations were based on a simple Ti-Mo diffusion
couple. The results are shown in Figure 1l and sample calculations are included in
Appendix B, These data show that for a given K value, long time, lower temperature
diffusion treatments should produce greater diffusion than short time, higher tempera-
ture treatments. It follows that the long time, lower temperature diffusion cycles
should produce more braze alloy-base metal diffusion for a fixed amount of TZM re-
crystallization,
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Tee Joint Evaluation

Initial evaluation of the TZM braze systems listed in Table VI was conducted on
.0016-,013 inch tee joints. No significant differences in braze alloy filleting and
flow behavior were observed when brazing in either a 10=% torr vacuum or 300 torr
high purity argon atmosphere. The 46Zr-34V-20Ti and 33Zr-34T1-33V alloys exhibited
marginal filleting and flow; whereas, excellent filleting and flow occurred with
Ti-25Cr-10Ni and Ti-8Ni-75i.

Metallographic analysis was conducted on as-brazed and diffused tee joints, A
post braze diffusion treatment of 40 hours at 2130F was investigated first. This cor-
responded to a total time-temperature parameter (K) value of 84,300 based on a prior
braze cycle of 1 minute at 2400F. The total thermal exposure produced unacceptably
severe foil recrystallization and embrittlement. The ,013 inch base sheets showed
no significant recrystallization or embrittlement,

From a foil recrystalliization standpoint, a diffusion treatment of twenty hours
at 2040F was the maximum allowable treatment, resulting in 50 percent foil recrystal-
lization and no sheet recrystallization; however, foil and sheet remained ductile.
The total K value was B3,100 based on a prior braze cycle of 1 minute at 2400F,

Both diffusion treatments produced similar microstructural effects except for
the larper amount of diffusion produced by the higher temperature treatment., Micro-
structure and microhardness results of as-brazed and diffused (20 hours at 2040F)
tees are shown in Figures Cl through Cl0 and discussed in detail in Appendix C.

These microstructures showed that the sink powders alloyed completely, or at least
substantially, with the braze alloys during the short braze cycles employed., Since
relatively small amounts of sink powders could be incorporated into the fillets, it
was necessary to utilize the base metal as the major diffusion sink. However, most
of the braze systems showed less braze fillet-base metal diffusion when sink powder
was present, This effect was observed in as-brazed as well as diffusion treated joints.
Thus, benefit of sink powder additions was partially offset by the reduced rate of
fillet-base metal diffusion. While this effect may not be desirable in diffusion sink
brazing, it does offer excellent potential for reducing erosion in conventional brazing
as was shown in a recent investigation.3

The reduced fillet-base metal diffusion observed in joints containing sink
powder is explainable, since the driving force for diffusion is dependent in part upon
the difference in Mo (TZM) concentration between the braze fillet and base metal., Ini-
tially, this difference was 100 percent for joints containing no sink powder. For a
typical joint containing 10 percent molybdenum powder, the initial difference between
Mo concentration in the fillet and base metal was only 90 percent. Thus, the rate of
fillet-base metal diffusion was reduced in this case.

The metallographic data suggested that only Ti-25Cr-10Ni offered excellent poten-
tial for attaining high remelt temperatures, The Ti-8Ni-75i system appeared to offer
remelt potential if the degree of diffusion could be increased somewhat. Remelt tempera-
tures determined on tee joints which were vacuum diffused 20 hours at 2050F are shown
in Table IX.

Relatively small remelt temperature increases of 180-330F were attained with the
46Zr-34V-20T1 braze systems., A 15 percent Ta diffusion sink addition produced the
highest remelt temperature increase, Specimen M14-1H, brazed with 46Zr-34V-20Ti
alone, was given a much greater diffusion treatment which actually embrittled the TZM
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TABLE 1X

TZM TEE JOTNT REMELT TEMPERATURES

REMELT TEMP.
SAMPLE SINK POWDER DIFFUSION *REMELT MINUS BRAZE ALLOY]
NO. BRAZE ALLQY AND AMOUNT TREATMENT TEMP, LIQUIDUS
M14-1E 46Z7-~34V-20T1 - 2050F - 20 hrs 2480F 220F
M15E 46Zr-34V-20T1 15%Ta 2590 330
M1l6-1E 46Zr-34V-20T4 1.67% C 2460 200
M19E 46Zr-34V-20Ti [9.5% Mo +5% C 2510 250
M10E Ti-8Ni-781 - 2350 100
M11E Ti-8Ni-784 8.5% Mo 2300 50
M12E Ti-25Cr-10Ni - 3180 -+ 860 +
M12G Ti-25Cr-10Ni - 3200 + 880 +
M12F Ti-25Cr-10Ni - 3150 830
ML3E Ti-25Cr-10N{i 10% Mo 3200 + B80 +
M13F Ti-25Cr-10 Ni 107 Mo 3130 810
M3F 33Zr-34Ti=-33V - 2670 190
’ r
M14-1H 46Zr-34V-20T1 - 1900F, 16 hrs + 2440 130
1950F, 8 hrs +
2000F, 40 hrs +
2050F, 56 hrs
M23E Ti-25Cr-13Ni - 3150 950
M23F Ti-25Cr~13Ni - 3100 900
*EM27-1E Ti-25C1-13N1 - 3800 + 1600 +
M25E Ti-10Ni-6Si - 2600 440
M25G Ti-10Ni-651 - 2680 520
**M28E Ti-10Ni-651 - 3800 + 1640 +
**M28F Ti-10Ni-6Si - 3150 990
NOTE: All specimens brazed with approximately .015 - .020 inch radius fillets

unless otherwise noted.

* Remelt temperature determined with 120 psi tensile stress on foil leg of tee and
a heating rate of approximately 600F/min.

*% Specimen brazed with approximately ,0l0 inch radius fillets.
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foil., Nevertheless, this treatment produced no further increase in remelt temperature,
confirming the limited fillet-base metal diffusion observed with this system.

The Ti-8Ni-75i system showed the lowest remelt temperature increase, However,
the system was actually more promising than indicated by remelt data alone, based on
the diffusion potential exhibited by the microstructures,

Excellent remelt temperature increases of 800F or more were attained with the
Ti-25Cr-10Ni system., Joints with or without sink powder showed no significant dif-
ferences in remelt temperature, Additions of Mo sink powder were offset by the
reduced fillet-base metal diffusion, Joints without sink powder exhibited greater
fillet-base metal diffusion., Apparently, these operating mechanisms resulted in
similar Mo concentrations in both types of joints and thus similar remelt temperatures.

Remelt temperature increase obtained with 33Zr-34Ti-33V was 190F which was not
surprising based on metallographic results. Therefore, this braze system showed
little promise both from a remelt standpoint and the excessive braze temperature
required.

Considering both the remelt and metallographic data, the Ti-25Cr-10Ni system
was clearly the most promising. The Ti-8Ni-75i also offered promise if diffusion
could be increased. Lap joint remelt results, discussed in a later section of this
report, showed that greater diffusion was required for both braze alloys to attain
desired remelt temperatures in this configuration. Longer diffusion treatments could
not be employed because of foil recrystallization limitations, Therefore, it was
necessary to reduce brazing temperatures in order to permit longer diffusion treat-
ments.

The above mentioned brazing effort was based on a total exposure parameter of
83,000 which permitted a diffusion treatment of 20 hours at 2040F after a one minute
braze cycle at 2400F. Figure 10 shows that reducing the braze temperature to 2300F
and the K value to 82,000 still permitted a diffusion treatment of 70 hours at 2050F,

The Ti-25Cr-10Ni and Ti-8Ni-75i were modified to permit brazing in the 2250-2300F
range, The modified compositions and melting ranges are as follows:

Approximate
Composition Solidus Liguidus
Ti-25Cr-13Ni 1950F 2200F
Ti-10Ni-63i 1950F 2160F

These alloys were evaluated on tee joints without sink powder because previous
results showed no remelt advantage of sink powders in the basic systems.

Initial diffusion treatment at 2040F caused partial fillet melting and run-off,
leaving small, starved fillets. Therefore, several "stepped" diffusion treatments
were Iinvestipated. The following treatment prevented this problem and was adopted
for all diffusion treatments with both braze alloys:

16 hours at 1900F + 8 hours at 1950F + 40 hours at 2000F + 56 hours at 2050F
In terms of the time-temperature recrystallization parameter, this diffusion
treatment was equivalent to 70 hours at 2040F. A braze cycle of one minute at 2300F

preceding this diffusion treatment resulted in a total exposure of 82,000 parameter
units,

34



Figure 12 shows the as-brazed and diffused microstructures and microhardness
data obtained with Ti-25Cr-13Ni, Microhardness data were similar to that obtained
with Ti-25Cr-10Ni. However, the diffusion treatment produced substantially more
fillet-base metal diffusion, Most of the TZM foil diffused into the fillet.

Figure 13 shows the results obtained with Ti-10Ni-65i. Both as-brazed and dif-
fused joints show somewhat lower braze alloy and diffusion zone hardnesses than obtained
with Ti-8Ni-75i, The diffusion treated joint also shows a substantial inecrease in
fillet-base metal diffusion. However, some low melting phase remained in the critical
area just below the foil tee,

Remelt data on the tee joints brazed with Ti-25Cr-13Ni are included in Table IX.
Remelt temperatures on Ti-25Cr-13Ni tee joints were almost equivalent to those ob-
tained on Ti-25Cr-10Ni. However, the actual remelt temperature increase for the
former was somewhat higher because of its lower liquidus temperature, One specimen
(M27-1E), brazed with smaller fillets, exhibited a remelt temperature above 3B00F.
Since the amount of Mo available from the tee was constant, the smaller filler appar-
ently contained more Mo after diffusion treating and, thus, a higher remelt tempera-
ture.

Table IX shows that remelt temperatures of tees brazed with Ti-1ONi-6Si ranged
from 2600 to above 3BOOF, Here again, smaller fillets produced higher remelt tempera-
tures, The T1-25Cr-13Ni system clearly showed more promise than Ti-1ONi-6Si, on the
basis of remelt temperature results, Therefore, further studies concentrated on this
system.

Two Ti-25Cr-13Ni tee joints were brazed with approximately .010 inch radius
fillets, diffusion treated, and tested to determine joint strength. The first speci-
men withstood a 120 psi tensile stress on the foil for one hour at 3000F with no
failure. The second specimen was apparently defective and failed above the fillet
at 2740F during heat-up under the same stress,

Lap Joint Evaluation

Microstructures of lap jeints brazed with the initial braze allcoys and vacuum
diffused 20 hours at 2050F are shown in Figure 14, Braze alloy-base metal diffusion
effects were similar to those observed in the tee joint evaluation, Both 46Zr-34V-20Ti
and 33Zr-34Ti-33V exhibited minimal diffusion with the TZM. The greatest degree of
diffusion was observed in the Ti-25Cr-10Ni system followed by Ti-8Ni-785i.

These results showed that only the Ti-25Cr-10Ni jeint possessed some remelt
potential because the low melting phase at the center of the joint was somewhat dis-
continuous. Remelt tests were run on 33Zr-34Ti-33V (ML-19) and Ti-25Cr-10Ni (ML-9)
joints to confirm the metallographic observations. The results are shown in Table X.
Both joints exhibited little or no remelt temperature increase. Figure 15 shows the
microstructures of these specimens after remelt testing. These specimens failed by
melting of the phases at the center of the joints.

Since the modified Ti-25Cr-13Ni and Ti~10ONi-6Si alloys permitted longer diffusion
treatments, it was expected that lap joints brazed with these alloys would show more
diffusion., Most of this effort was concentrated on Ti-25Cr-13Ni because it was the
more promising system,

Initial Ti-25Cr-13Ni lap joints were brazed with the alloy powder distributed

over the faying plane, Microstructures of as-brazed and vacuum diffused joints pro-
duced in this manner are shown in Figure 16. Diffusion treating resulted in partial
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ML-5

BRAZE ALLOY: 46Zr-34V~20T1
BRAZE CYCLE: 2400F-1 Min,

ML-11

BRAZE ALLOY?S Ti-8Ni-7Si
BRAZE CYCLE: 2360F-1 Min,

ML -7

BRAZE ALLOY: Ti~-25Cr-10Ni
BRAZE CYCLE: 2400F -1 Min,

o -

ML-14

BRAZE ALLOY: 33Zr-34Ti-33V
BRAZE CYCLE: 2580F-1 Min,

BASE MATERIAL ETCHANT: 10gm, NaOH, 30gm, K3Fe(CN)6, 100ml, Hp0
BRAZE ALLOY ETCHANT: 1 HF, 2 HNO3, 97 H»0

MAG, 250X

FIGURE 14 TZM LAP JOINTS DIFFUSED 20 HRS AT 2050F
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ML-9
BRAZE ALLOY: Ti~25Cr-10N1i
BRAZE CYCLE: 2400F~1 Min,
REMELT TEMP: 2320F

'

—
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.

ML-19
BRAZE ALLOY: 33Zr-34Ti-33V
BRAZE CYCLE: 2580F-~1 Min,
REMELT TEMP: 2440F
MAG. 250X BASE MATERIAL ETCHANT: 10gm. NaOH, 30gm, K3Fe(CN)g, 100ml, Hy0
BRAZE ALLOY ETCHANT: 1 HF, 2 HNO3, 97 Hs0

FIGURE 15 TZM LAP JOINTS DIFFUSED 20 HRS AT 2050F AND REMELT TESTED
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FIGURE 16 MICROSTRUCTURES OF AS-BRAZED AND DIFFUSED Ti-25Cr-13Ni LAP JOINTS
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BASE MATERIAL ETCHANT: 10gm., NaOH, 30gm, K3Fe(CN)g, 100ml, Ho0
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solution of the semi-continuous low melting phase at the center of the joint. Remelt
temperatures for specimens fabricated in this manner are represented by the data on
specimens ML-34, ML-35, ML-49 and ML-50, shown in Table X. Remelt temperatures ranged
from less than 2600F up to 2800F depending upon joint thickness.

Several lap specimens were brazed with the braze alloy placed outside the joint
and allowed to flow in by capillary attraction. This technique reduced joint thickness
and thereby reduced the diffusion distance. After diffusion treating, the low melting
phase at the center of the joint showed more solution and significantly less continu-
ity. Table X shows that remelt temperature of joints prepared in this manner (ML-41
and ML-55) was increased to 3200-3470F,

Specimen ML-46, brazed with Ti-25Cr-13Ni powder placed over the faying plane,
was given a double diffusion treatment. The remelt temperature was increased to 3780F.
While this treatment would embrittle TZM foil, it could be satisfactorily employed on
.013 inch TZM sheet., Specimens ML-37 and ML-59 were given a modified diffusion treat-
ment in which the time at 2050F was reduced from 56 to 24 hours. The large spread in
remelt temperatures (3150-3600F) made it difficult to correlate effect of this shorter
treatment on remelt temperature.

One lap specimen (ML-39) was brazed with Ti-10Ni-6Si placed outside the joint.
After diffusion, the remelt temperature was 3425F.

These results on the Ti-25Cr-13Ni alloy indicate that joint thicknesses must be
.001 inch or less to develop remelt temperatures above 3000F, Laboratory results
have shown that it is difficult to maintain this joint thickness when braze alloy is
placed over the faying plane. However, placement of braze alloy outside the jeint
easily and reproducibly maintains desired joint thickness,

Lap shear strength results on diffusion treated specimens brazed with Ti-25Cr-13Ni
are shown in Table XI. Each of these specimens was fabricated by placing the braze
alloy at the edge of the lap area. Shear strengths of 833 and 270-310 psi were noted
at 2600 and 3000F, respectively, after the standard diffusion treatment, Specimens
ML-60 and ML-61 were given a modified diffusion treatment in which the time at 20530F
was reduced from 56 to 24 hours. This reduced lap shear strength to 73-95 psi at
3000F.

Honeycomb Evaluation

Thz objective in the honeycomb evaluation series of tests was to establish the
validity of the high remelt results obtained with tee joint samples on specimens
having a more complex makeup. The remelt and stress test results on brazed TZM honey-
comb panels employing the Ti-25Cr-13Ni alloy are shown in Table XII. Remelt tests
on a small (I x 3/4 inch) honeycomb sample, SCM-7, were consistent with the tee
joint remelt tests previously discussed. However, when larger panels were made in
the laboratory (2 x 2 inch) relatively little remelt was achieved regardless of the
braze alloy loading employed as shown in Table XII. When 2 x 2 inch honeycomb samples
were brazed in the Nortobraze quartz lamp process, the remelt temperatures improved
considerably, as shown in the last four rows of Table XII.
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TABLE XT

SHEAR STRENGTHS OF TZM LAP JOINTS BRAZED WITH T{i-25Cr-13Ni

Approx, Base
Sample Joint Diffusion Test Shear Metal
No, Thickness Treatment Temp. F Strength Stress
ML-57 L0006 inch (IQOOF, 16 hr, + 2600 833 psi 2500 psi
ML-58 .0008 1950F, 8 hr, + 3000 310 920
4 2000F
ML- 56 .001 40 hrs, + 2050F 3000 270 910
56 hrs,
ML-60 . 001 [ 1900F, 16 hrs. + 3000 95 300
1950F, 8 hrs. +
ML-61 .001 2000F, 40 hrs, + 3000 73 220
2050F, 24 hrs.

Notes: All specimens brazed with powder placed at edge of lap. Specimens were
.040 inch thick with a .120-.140 inch overlap. Shear strength tests
conducted at .05 inch/min. head speed. All specimens failed in braze
joint,
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TABLE XT1

REMELT TEMPERATURES OF TZM HONEYCOMB BRAZED WITH Ti-25Cr-13Ni

Flatwise Remelt Temp,
Sample Braze Alloy Tensile Stress Remelt Minus Braze
No, Loading on Panel Temp., Alloy Liquidus
*SCM-7 .35 gm/in2 1.2 psi 3050F 850F
HM-6 .25 1.2 2540 340
HM-8 .25 1.2 2520 320
**HM-7 .25 1.2 2560 360
HM-16 125 I.2 2400 200
HM-8A 125 0.6 2400 200
HM-1 .35 0.3 2740 540
HM-9 .075 0.01 4000+ 1800
HM-14 .25 + 8% Mo 1,2 2200 0
Sink Powder
MRD- 5 .25 1.2 2640 440
MRD-3 .25 0.3 3180 980
MRD-4 .25 1.2 2550 350
MRD-2 .25 0.3 3130 930

Heating Rate Approximately 600F/minute,

All specimens brazed 1 minute at 2250-2300F in vacuum and diffused 16 hours
at 1900F, + 8 hours at 1950F, + 40 hours at 2000F, + 56 hours at 2050F.

MRD-2 and 4 diffused 16 hours at 1900F, + 8 hours at 1950F + 40 hours at 2000F,
+ 24 hours at 2050F.

Specimens were 2 x 2 inches except as noted.

* Specimen was approximately 3/4 x 1 inch,
*% Specimen was a single ecell cut from a 2 x 2 inch specimen.
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It is believed that the explanation for these anomalous remelt temperature results
is as follows:

The tee joints were diffusion treated with the fillet areas exposed to a hard
vacvum, The 1 x 3/4 inch specimens represented a configuration that had a large por-
tion of the total number of fillets exposed to the vacuum, With both of these configu-
rations, good remelt characteristics were obtained. However, the 2 x 2 inch honeycomb
specimens made under laboratory conditions had the smallest number of fillets exposed
to the vacuum relative to the total number of fillets in the panel. This configuration
resulted in low remelt temperatures. The effects of vacuum exposure on typical brazed
fillets after standard diffusion treatments are shown in Figure 17. The tee joint
microstructure shows a substantial solid solution diffusion zone near the TZM inter-
faces with a second phase located at the extremities of the fillets, Electron probe
analysis has shown that the former phase consists of 607 Ti-257% Mo-10% Cr-47 Ni;
whereas, the latter phase was identified as a low melting nickel-rich phase of the
TisNi type. The microstructure and composition of the fillets analyzed from the
1 x 3/4 inch honeycomb samples (SCM-9) were similar to the tee joint results. The
microstructure of the honeycomb specimen produced under laboratory conditions (HM-13)
exhibits a concentration of the same nickel-rich phase on both the fillet extremities
as well as at the base of the vertical core member, Thus, in spite of the extensive
diffusion zone, a discontinuous, low melting bridge existed between the core and face
sheet, Concentration of nickel in this region was probably caused by inability of
the material to evaporate from the closed cell,

The microstructure of a honeycomb sample brazed by the quartz lamp process (MED-1}
showed no evidence of the low melting phase between the core and face sheet, The close
core-to-face sheet tolerances maintained in these samples probably reduced diffusion
distances in this region, thereby suppressing formation of the low melting phase.

In addition, the thicker core foil also contributed to a high Mo concentration in the
fillet,

Based upon these observations, it appears that the success of the T{-25Cr-13Ni
braze alloy in achieving high remelt temperature depends upon the control of the
nickel-rich phase either by suppressing its formation or controlling its distribution.
Nickel evaporation is one way in which this can be accomplished as demonstrated by the
contrasting remelt results on the tee joints and 2 x 2 inch honeycomb samples made
under laboratory conditions,

Transition Temperatures

Figure 18 shows the transverse bend transition temperature data obtained on ,013
inch base metal and .013-.013 inch brazed lap joints. Transition temperature was de-
fined as the temperature at which the first decrease in bend deflection to fracture
was noted.

As-received sheet exhibited a transition temperature of -175 F, After a simulated
braze cycle and standard diffusion treatment, the transition temperature increased to
-125F, However, the sheet still exhibited sufficient ductility to permit a 130 degree
bend at -125F with no fracture.

Lap bend samples brazed with Ti-25Cr-13Ni and given the standard diffusion treat-
ment exhibited a transverse bend transition temperature of OF. Two types of fracture
were observed with these specimens, In some cases the entire joint fractured. In
other cases, metallographic analysis showed braze alloy cracking perpendicular to the
faying plane with no base metal cracking, One specimen bent three degrees at OF,
showed no evidence of braze alloy or base metal cracking.
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TEE JOINT 1 X 3/4 INCH HONEYCOMB SPECIMEN

REMELT TEMPERATURE 3150F REMELT TEMPERATURE 3050F

g,
Tt gy

2 X 2 INCH HONEYCOMB SFECIMEN 2 X 2 INCH QUARTZ LAMP BRAZED

HONEYCOMB SFECIMEN
REMELT TEMPERATURE 2540F AT 1.2 psi REMELT TEMPERATURE 2640F AT 1.2 psi
2740F AT .3 psi 3180F AT .3 psi

BASE MATERTAL ETCHANT: 10gm. NaOH, 30gm. K3Fe(CN) , 100ml. H,0

MAG. 250K BRAZE ALLOY ETCHANT:  25% HF, 12.5% H,SO4, 12.5% HNO3, 50% H,0

FIGURE 17 TZM TEE AND HONEYCOMB SPECIMENS BRAZED
WITH Ti-25Cr-13Ni AND DIFFUSED
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TRANSVERSE BEND TRANSITION TEMPERATURE OF 0,013 INCH
TZM SHEET AND BRAZED TZM LAP JOINTS

FIGURE 18
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BEND ANGLE AT FRACTURE ~ DEGREES

AS RECEIVED SHEET

SHEET

EXPOSED 1 MINUTE AT 2260F+

16 HOURS AT 1900F + B HOURS AT
1950F + 40 HOURS AT 2000 F+

56 HOURS AT 2050F

LAP JOINT

BRAZE ALLOY Ti-25Cr-13Ni
BRAZED 1 MINUTE AT 2260F
DIFFUSED 16 HOURS AT 1900F+

8 HOURS AT 1950F + 40 HOURS AT
2000F + 56 HOURS AT 2050F

(1) BRAZE ALLOY CRACKING
PERPENDICULAR TO FAYING
PLANE - NO BASE METAL
CRACKING



The increase in bend transition temperature to OF may be attributed to the
presence of the braze alloy and/or specimen geometry. The braze alloy may have
acted as a stress riser, initiating cracks in the base metal, thereby raising the
transition temperature, In addition, these samples were approximately twice the
thickness of base metal transition specimens, Therefore, the greater degree of bi-
axiality contributed to the inecreased transition temperature as well.

The bend test performed on brazed tee joints did not provide meaningful bend
transition temperature data. However, this test did provide a measure of bend ductility
at various temperatures. Two TZM tees, brazed with Ti-25Cr-13Ni and subjected to the
standard diffusion treatment, required 45 degree bends at both 70 and 212F to produce
fracture. 1In both cases failure occurred in the foil just above the fillet,

Transition temperatures of foil specimens were determined by notched tensile
tests because the low stiffness of the foil did not permit use of the bend test.
Transverse notched tensile transition temperatures of ,002 inch foil are presented in
Figure 19. All of these curves showed an initial increase in net section stress with
decreasing temperature which is typical of body-centered cubic metals. A further
decrease in temperature produced a precipitous reduction in net section stress due
to the onset of brittle failure, This temperature was defined as the ‘transition tem-
perature,

The as-received foil exhibited a transition temperature of -210F. Following a
simulated braze cvcle and standard diffusion treatment, the transition temperature
was raised to -120F., Modification of the standard diffusion treatment from 56 to 24
hours at 2050F produced no significant change in transition temperature. Thus, the
standard diffusion treatment produced no greater foil embrittlement than the modified
treatment,

Recrvstallization and Ductility

During this program .002, ,013, and .040 inch thick TZM was subjected to a variety
of single and multiple thermal exposures. None of these exposures produced any signi-
ficant recrystallization of the .040 inch material., Recrystallization behavior of
the .002 and .013 inch TZM is summarized in terms of the time-temperature parameter
as shown in Figure 9,

The multiple thermal exposures produced varying amounts of recrystallization in
the ,002 inch foil. These multiple thermal exposures produced greater foil recrystal-
lization than single exposures at the same parameter value, The parameter accurately
predicted recrystallization behavior for single thermal exposures, Foil recrystalliza-
tion produced by multiple exposures could only be approximated by this time-~temperature
parameter apprcach. Nevertheless, multiple thermal exposures of .002 inch TZM foil
should be limited to a total parameter value of 82,000-83,500 based on a maximum of
807 recrystallization,

Figure 9 does not include a recrystallization curve for .0l3 inch sheet subjected
to multiple exposures. No significant recrystallization was produced by the multiple
exposures employed.

Qualitative correlations between foil recrystallization and embrittlement were
observed. Substantial amounts of recrystallization reduced foil ductility somewhat.
However, at B80-907 recrystallization, acceptable ductility was observed, Once com-
plete recrystallization and grain growth occurred, severe embrittlement was noted.
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Ta-10W BRAZING

Braze System Development

Table XIII summarizes the ductility and liquidus temperature data obtained on
candidate tantalum braze systems. Braze system development followed the same basic
procedures used on TZM, Simulated diffusion sink additions to the braze alloys were
standardized at 10 percent base metal (Ta} - 15 percent diffusion sink powder.

Conventional Alloys

The first nine alloys listed in Table XIII were formulated for conventional
brazing of tantalum, The as-melted Ta-36V exhibited a hardness of Rc 37 and good duc-
tility., Aging 45 minutes at 2300F increased hardness to Re 53 and produced severe
embrittlement, The as-melted alloy solidified and cooled rapidly, thereby retaining
the high temperature solid solution phase. Aging at 2300F permitted formation of the
TaVs equilibrium phase which was very brittle. Since coating cycles are carried out
at temperatures where TaV, can form and embrittle braze joints, no further effort was
devoted to Ta-36V.

Melting of Cb-26Ti was difficult because of excessive titanium volatilization.
Therefore, this alloy received no further attention. The Cb-10Ti-5Zr (D36) alloy was
selected for tee joint evaluation because it is the lowest melting columbium base
alloy readily available in foil form. The Cb-26V was also selected for tee joint
evaluation because it exhibited the lowest liquidus temperature of the alloys consid-
ered for conventicnal brazing.

Melting temperature determinations on D36 and Cb-26V showed considerable variation
depending upon melt sample geometry and furnace atmosphere. Liquidus temperature of
.002 inch D36 foil was 4170F when determined in vacuum, and 4080F when determined in a
100 Torr argon atmosphere., Similarly, liquidus temperature of -100 mesh Cb-26V powder
was above 4100F in vacuum and 3680F in 100 Torr argon., These differences were caused
by volatilization of Ti, V, and Zr, All subsequent brazing with these alloys was
conducted in a 100 Torr argon atmosphere to minimize volatilization effects,

The Ta-B and Cb-B alloys of Table XIIT exhibited liquidus temperatures approxi-
mately 700-900F greater than indicated by published phase diagrams.4 However, recent
liquidus temperature data on Cb-B alloys? correlate well with the data reported here.
The Ta-~1.5B exhibited an acceptable liquidus temperature but the alloy was brittle,

A reduction of the boron level to one percent resulted in a ductile alloy but the
tiquidus temperature was quite high. Therefore, this system was eliminated from
further consideration. The Cb-2,.8B was slightly ductile and exhibited an acceptable
liquidus temperature. Both Cb-1.8B and Cb-1.3B exhibited better ductility than
Chb-2.88, although liquidus temperatures were higher. Both alloys were selected for
tee joint evaluation.

Diffusion Sink Allovs

The above Ta-36V results showed that vanadium-base alloys were not promising
for diffusion sink brazing of tantalum because diffusion and coating cycles would
result in TaV, formation and thus joint embrittlement. Therefore, braze alloy develop-
ment was concentrated primarily on titanium-base alloys.
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TABLE XTIT

TANTALUM BRAZE SYSTEMS

Increase in

Alloy Liquidus Liquidus
No, Composition Temp, F *Ductility Temp. F
Conventional Braze Systems
51 Ta-36V (as melted) D
51 Ta-36V (aged 45 min. at 2300F) VB
84 Ch-26Ti D
165 Cb-26V 3680 D
Cb-10Ti-5Zr-(D36) 4080 D
136 Ta-1.5B 4100 B
151 Ta-1.0B 4260+ D
137 Ch-2,8B 3830 SD
152 Cb-1.8B 3870 D
172 Ch-1.3B 4030 D
Diffusion Sink Braze Systems
73 Ti-37Zr 2880 D
75 75(Ti-37Zr)-10Ta-15Mo 3010 D 130
76 75(Ti-37Zr) -25Ta 3100 D 220
77 75[75(Ti-372r)-10Ta~15Mo0}-25Ta 3450 D 570
78 75(75(Ti-37Zr)-25Ta] ~-25Ta 3110 D 230
92 75[75(Ti-37Zr) -10Ta-15Mo]-10Ta-15Mo 3320 SD 440
41 Ti-29V-251 2820 Sh
53 75(Ti-29V-28i)-25Ta 3020 D 200
b4 75(Ti-29V-28i)-10Ta-15Cb 3020 D 200
138 75(Ti-29V-251) -10Ta~15Mo 3150 D 330
71 75[75(Ti-29V-281)~-25Ta) -25Ta 3240 D 240
72 75[75(Ti-29V-2581)-25Ta]-10Ta-15M0 **3400 12 400+
79 Ti-20V-13Fe 2640 B
83 Ti-25V-10Fe 2630 D
91 Ti-25V-10Fe-2Si 2560 B
105 Ti-30V-13Fe-5Mn 2540 SD
44 Ti-27V-7Fe 2700 D
54 75(Ti-27V-7Fe)-25Ta 2960 D 260
63 75(Ti-27V-7Fe)-10Ta-15Chb 2980 D 280
67 75{75(Ti-27V-7Fe)-25Ta] -25Tal as melied)3240 D 280
67 (aged 30 minutes at 2000F) D
70 75[75(Ti-27V-7Fe)-25Ta) -10Ta-15M0 3320 B 360
42 40Zr-30V-30Ti 2335 D
52 75(402r-30V-30Ti)-25Ta (as melted) 2745 SD 410
52 (aged 30 min. at 2000F) SD
61 75(40Zr-30V-30T1) -10Ta-15Ch 2790 SD 455
81 75[75(40Zr-30V~30T1i)-25Ta]-25Ta 3220 SD 465
82 75[75(402r-30V-30Ti)-25M0]-10Ta-15M0 3320 B 360
* D - Ductile B - Brittle

SD -~ Slightly Ductile VB - Very Brittle
*% Solidus Temperature
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A diffusion sink addition of Ta to the Ti-37Zr braze alloy produced a larger
increase in liquidus temperature than a Mo addition. However, comparison of alloys
#76 and #78 shows that the Ta addition to alloy #78 produced no further increase in
the liquidus temperature. The 75(Ti-37Zr)-10Ta-15Mo, braze alloy #75, had the high-
est remelt temperature. This system was selected for evaluation on tee joints using
a Ta diffusion sink.

Diffusion sink additions of Ta and Cb produced equivalent increases in the liquidus
temperature of the Ti-29V-2Si alloy. Comparison of alloys #71 to #72 shows that Mo
was a more potent diffusion sink than Ta, A braze alloy of alloy #53 composition ex-
hibited the highest remelt temperature with a Mo diffusion sink, Therefore, this
system was selected for evaluation on tee joints.

The Ti-29V-25i braze alloy was also selected for tee joint evaluation because it
exhibited an intermediate liquidus temperature. The two percent Si addition depressed
the liquidus temperature of the Ti-V binary alloy by approximately 100F., A Mo diffu-
sion sink was employed with this braze alloy,

A number of Ti-V-Fe alloys were prepared. The Ti-27V-7Fe was most promising
based on liquidus temperature, ductility and amount of "incompatible" (Fe) additions,
Liquidus temperature of this alloy was approximately 200F below the liquidus of the
binary Ti-V alloy, Diffusion sink additions of Cb and Ta produced equivalent ltiquidus
temperature increases, Mo additions led to somewhat higher remelt temperatures but
produced embrittlement (alloy #70). Comparison of alloy #72 to #67 showed that the
Ti-V-5i-Ta system has preater remelt potential than the Ti-V-Fe-Ta system.

Because of its intermediate liquidus temperature, the basic Ti-27V-7Fe braze
alloy was selected for tee joint evaluation, A Ta diffusion sink appeared most pro-
mising. However, there was some question concerning the compatibility of Ta with the
V in the braze alloy, Alloy #67 was aged 30 minutes at 2000F to determine if the
system would be embrittled by TaV, formation. No change in hardness or ductility was
produced by the aging treatment. This data also suggested that the Ti-V-35i system was
compatible with Ta from the standpoint of TaVy formation.

The Zr-Ti-V system was discussed in detail with reference to TZM brazing. Several
additional compositions in this system were also prepared as shown in Table XIIT.
Alloy #52 was aged 30 minutes at 2000F to determine compatibility of the Zr-Ti-V
system with Ta. The aging treatment increased hardness from Rec 12 to Re 29 but the
alloy remained ductile., The 33Zr-34Ti-33V and 46Zr-34V-20Ti alloys evaluated on TZM
appeared most promising for evaluation on tantalum.

A summary of the tantalum braze systems selected for further evaluation is given
in Table XIV, Estimates of the amount of diffusion sink required for 3400 and 3800F
remelt temperatures are also included. Pertinent braze alloy properties and powdering
parameters are included in Table XV. The Ti and Ti-30V are included for reasons dis-
cussed in a subsequent section of this report,

Tee Joint Evaluation

Conventional Brazing

Microstructure and microhardness results on Ta-10W tee joints brazed with
conventional braze alloys are shown in Figures DI-D4 of Appendix D. These ,002-.010
inch joints were evaluated in the as-brazed condition and after a simulated service
exposure of one hour at 3500F.
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TABLE X1V

SELECTED TANTALUM BRAZE SYSTEMS

Estimated 7 Diffusion Sink

Liquidus Diffusion Reg'd for Remelt Temp. of
Braze Alloy Temp. F Sink Powder 3400 F 3300 F
Cb-10Ti-5Zr 4080 -
Cb-1.3B 4030
Cb-1.8B 3870
Ch-26V 3680
L6Zr-34V-20Ti 2260 Ta 55 75
33Zr-34Ti-33V 2480 Ta 50 70
Ti-27V-7Fe 2700 Ta 55 70
Ti-29V-2S8i 2820 Mo 60 75
Ti-28Zr-15Me-10Ta 3000 Ta 25 45
Ti-21.5V-1,58i-25Ta 3020 Mo 30 50

TABLE XV

TANTALUM BRAZE ALLOY PROPERTIES

Ductility

Liquidus F  Hardness Liquidus F of Melted

& Ductility As Cast Density Hydride -100 Mesh Powder
Braze Alloy As Cast (Re) gm/cm3 Treatment Powder Patch
Cb-10Ti-5Zr (foil) 4080-D - 6.98 - - -
Cb-1.3B 4030-D 24 B.44  575F-1-3/4 hr. - D
Cb-1.8B 3870-D 96 Rb 8.16 575F-1-1/2 hr. 3870 D
Cb-26V 3680-D 30 7.60 575F-1 hr. - D
46Zr-34V-20T1 2260-D 33 5.88 1000F-1/2 hr. 2260 D
33Zr-34Ti-33V 2480-5D 33 5.58 1000F-3/4 hr, 2480 D
Ti-27V-7Fe 2700-D 33 5.11 700F-1/2 hr, 2730 Sb
Ti-29V-251 2800-D 42 4,90 800F-1/2 hr. 2770 D
Ti-28Zr-15Mo-10Ta 3000-D 40 6.04 1000F-1 hr. 2980 D
Ti-21.5V-1.551-25Ta 3020-SD 42 5.94  750F-3/4 hr, 3030 D
Ti (foil) 3060-D - 4,50 - 0 -
Ti-30V 2980-D 94 Rb 4,92 600F-1/2 hr. 2980 -
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The Cb-26V, Cb-1.8B, and Cb~1,3B exhibited excellent filleting and flow; some-
what poorer but acceptable results were obtained with D36 (Cb-10Ti-5Zr). It was
necessary ta braze Cb-26V and D36 joints in a 100 Torr argon atmosphere to prevent
excessive solute element evaporation encountered in vacuum brazing. The Cb-1.8B and
Cb-1.3B joints could be successfully brazed in vacuum or argorn.

A consideration of these data suggested that the Cbhb-1.3B offered the greatest over-
all potential for conventional brazing of Ta-10W, Therefore, several tee joints were
tested to determine high temperature strength. Results were as follows:

Specimen No. Foil Stress -~ psi Failure Temp. F
T-161 375 3880
T-16K 650 3900
T-16N 650 >4000

These results show that the joints possessed good high temperature strength as well
as some remelt temperature increase. The lower strength of specimen T-161 was probably
caused by a larger gap between the foil leg and base sheet.

Diffusion Sink Brazing

With the exception of Ti-27V-7Fe, the diffusion sink braze alloys exhibited good
filleting and flow. No significant differences in braze alloy behavior were noted
when brazing in either a 10-% Torr vacuum or a 300 Torr high purity argon atmosphere.
The microstructures and hardness of these alloys are shown in Figures D5-D14 and dis-
cussed in detail in Appendix D.

An analysis of these data showed that diffusion sink powder additions produced
effects similar to those observed on TZM tee joints, Sink powder additions alloyed
completely or at least substantially with the braze alloys during the braze cycle.
In addition, most of the braze systems showed less braze fillet-base metal diffusion
when sink powder was present.

The primary reasons for Si, Fe, and Zr additions to these braze alloys were to
reduce brazing temperatures and/or improve braze alloy filleting and flow. However,
these elements exhibit limited solid solubility in tantalum and in the braze alloy
matrices, The high fillet hardnesses observed, particularly after diffusion treating,
were probably caused by these solute elements.

In view of the hardness increases observed after diffusion treating, the follow-
ing additional compositions were evaluated:

Composition Liguidus Temperature
1. Ti-10Ta 3130F
2, Ti-8Cbh-1B 2950F
3. Ti-4Cb-1B 3100F
4, Ti-20V-0.5 2840F

Alloy #1 exhibited poor filleting and flow, as did alloys #2, #3, and #4 without
boron additions, However, additions of 0.5-1.0 percent boron produced good filleting
and flow, Braze alloy/Ta-10W diffusion couples were prepared with alloys #2, #3, and
#4, Diffusion treating resulted in formation of a hard interface compound, presumably
a boride. Therefore, these alloys did not offer good potential as diffusion sink braze
alloys,

1
L
1
L
L
L
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The above-mentioned studies showed that vacuum diffusion treatment of tee joints
caused problems with respect to partial braze alloy volatilization. Encapsulation of
these joints in a small evacuated retort reduced the problem but did not eliminate it,
Therefore, further braze system evaluation was concentrated on lap and 2 x 2 inch
honeycomb specimens because volatilization was minimized by these geometries.

11 of the braze systems showed substantial microstructural changes after diffusion
treatment, The microhardness increases were also indicative of joint embrittlement,
Therefore, further effort was concentrated on pure titanium and Ti-30V as diffusion sink
systems, These systems required higher braze temperatures and exhibited poorer fillet-
ing and flow. However, they offered the advantage of seclid solution formation with
tantalum. The 33Zr-34Ti-33V alloy was also selected for further evaluation primarily
because of the relatively low braze temperature (2600F).

Lap Joint Evaluation

Lap jeints (.0l0-.010 inch) were brazed with Ti and Ti-30V, given several diffu-
sion treatments, and analvzed by electron probe analysis. These tests were conducted
to establish an optimum diffusion treatment for attaining remelt temperatures of ap-
proximately 3800F. Results were as follows:

*Composition at Center of Joint

Diffusion Treatment Ti Braze Ti-30V Braze
A, 24 hrs, at 2850F 58Ta-32T1i 59Ta=~22Ti-7V
B, 24 hrs. at 2850F+ 69Ta-20T1i 64Ta-21Ti-5V

16 hrs, at 2950F+
8 hrs, at 3030F+
16 hrs, at 3150F+

C. Same as B + 73Ta-16Ti 74Ta-13Ti-3V
8 hrs, at 3250F

* Initial joint thickness was approximately ,002 inch,

Joint compositions produced by diffusion treatment C were estimated to possess
a solidus temperature of 3800F. However, later 2 x 2 inch honeycomb remelt tests
showed that diffusion treatment'A'"was more than adequate for a 3800F remelt tempera-
ture. Therefore, the lap joint diffusion treatment was standardized at 2850F for
24 hours, The differences bhetween estimated versus measured remelt temperatures vere
probably caused by differences in joint thicknesses,

Microhardness traverses and microstructures of Ti and Ti-30V lap joints are shown
in Figure 20, The as-brazed Ti joint contained an alpha prime structure at the center
of the joint and a tantalum-stabilized beta structure near the base metal. Substantial
grain boundary diffusion of titanium into the base metal was evident near the joint
interface, After diffusion treatment, joint hardness decreased and alpha prime forma-
tion was suppressed by additional base metal diffusion. However, particles of a second,
unidentified phase were noted. As-brazed and diffusion treated Ti-30V joints were es-
sentially single phase, The diffusion treatment produced a mild increase in joint
hardness.
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Microhardness traverses and microstructures of as~brazed and diffusion treated
33Zr-34Ti-33V lap joints are shown in Figure 21. Both structures contained three
distinct phases in the joints. A marked increase in hardness was produced by diffu-
sion treatment, The high hardness and multiphase structure was believed to have been
caused by the zirconium contained in the braze alloy.

The microstructure of a lap joint brazed with Cb-1.3B is shown in Figure 22.
The center of the joint contained a typical eutectic structure which was relatively
soft (310KHN)., Boron diffusion into the base metal produced a soft (148 KHN) boron
depleted braze alloy zone near the base metal. Discontinuous grain boundary borides
and a Widmanstatten boride precipitate within the base metal grains were observed.

Remelt temperatures of lap joints brazed with Ti, Ti-30V, and 33Zr-34Ti-33V are
shown in Table XVI. Remelt temperatures exceeded 3800F in all cases,

Lap shear strength data are included in Table XVII. All of the joints exhibited
high strength at 3500F. The Ti and Cb-1.3B joints exhibited almost equivalent
strength. Thus, by diffusion sink brazing with Ti, maximum processing temperature
was LOOOF lower than the temperature required for conventional brazing with Cb-1.3B,
The Ti-30V joints exhibited approximately 407 lower strength than the Ti and Cb-1,3B
joints,

Honevecomb Evaluation

Remelt temperatures of 2 x 2 inch honeycomb specimens are recorded in Table
XVIII, Specimens HT-6 and HT-8, brazed with Ti, showed that (1) the diffusion treat-
ment was much greater than reguired for a 3800F remelt temperature, and (2} diffusion
sink powder was not necessary for producing a high remelt temperature, Reducing the
diffusion treatment to 24 hours at 2850F still produced remelt temperatures exceeding
3800F on specimens brazed with Ti and Ti-30V. Remelt temperatures of 33Zr-34Ti-33V
specimens indicated that maximum service temperature for this system was approximately
3000F.

Strength tests on honeycomb specimens (2 x 2 inch) brazed with Cb-1.3B, Ti,
and Ti-30V were performed using the conditions of one hour at 3500F under a 1.2 psi
flatwise tensile stress. The Ti and Ti-30V specimens were diffusion treated for
24 hours at 2850F prior to testing. Duplicate tests showed that all these specimens
withstood the exposure with no evidence of failure.

The specimens listed in Table XVIII showed substantial honeycomb foil embrittle-
ment after diffusion treatment. Comparison between HT-8 and HT-12 showed that the
reduced diffusion treatment produced a significant improvement in foil ductility.
However, ductility still was not satisfactory.

Typical foil microstructures taken from diffusion treated honeycomb specimens
are shown in Figure 23, These structures show that braze alloy volatilized within
the sealed honeycomb cells, deposited on the foil, and diffused inward. This lowered
the vapor pressure in the cells and permitted additional material to volatilize from
the fillets. The extensive diffusion zones produced in this manner were relatively
soft solid solutions., However, substantial grain boundary diffusion occurred parti-
cularly with Ti. It is probably this grain boundary diffusion which is responsible
for the foil embrittlement observed on a macro scale. The same basic effect was ob-
served on face sheets, but minor embrittlement was produced because (1} diffusion
occurred from only one side of each face sheet and (2) the face sheet thickness mini-
mized embrittling effects.
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TABLE XV1

Ta-10W _LAP JOINT REMELT TEMPERATURES

Remelt Temp.

Sample Diffusion Remelt Minus Braze
No, Braze Alloy Treatment Temp F Alloy Liquidus F
LT-10 Titanium 24 hrs., at 2850F >4200 > 1140
LT-11 Titanium 24 hrs, at 2850F > 4200 >1140
LT-16 Ti-30V 24 hrs. at 2850F > 4200 > 1220
LT-17 Ti-30V 24 hrs, at 2850F > 4200 >1220
LT-7 33Zr-34Ti-33V 20 hrs. at 2400F+ 3830 1350
44 hrs., at 2500F+
LT-8 33Z2r-34Ti-33V 24 hrs, at 2600F >3900 > 1420

Notes: All specimens were 040 inch thick with a .120-,140 inch overlap. Thickness
of braze joints was approximately ,002 inch, Remelt tests conducted with
120 psi tension on base metal (40 psi shear stress on lap joint),.

TABLE XVII

Ta-10W LAP JOINT SHEAR STRENGTHS AT 3500F

Base

Sample Diffusion Shear Metal

No, Braze Alloy Treatment Strength Stress
LT-2 Cb-1.3B - 4330 psi 12,900 psi
LT-3 Ch-1.3B - 3750 12,800
LT-4 Ch-1.3B - 4200 12,600
LT-14 Titanium 24 hrs., at 2850F 3800 11,500
LT-15 Titanium 4270 11,100
LT-18 Ti-30V 2160 6,750
LT-19 Ti-30V 2550 7,650
LT-20 Ti-30V ' ] 3050 9,600

Notes: Specimens were ,040 inch thick with a ,120-,140 inch overlap., Thickness
of braze joints was approximately .002 inch. Shear strength tests con-
ducted at .05 inch/min, head speed. All specimens failed in braze joint.
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TABLE XVIII

Ta-10W HONEYCOMB REMELT TEMPERATURES

Sample

Na. Braze Alloy
RT-6 Ti+10 Wt,% Ta Sink
HT-8 Titanium
HT-12 Titanium
HT-13 Titanium
HT-10 Ti-30V
HT-17 Ti-30V
HT-18 Ti-30V
HT-3 33Zr-34Ti-33V
HT-4 33Zr-34Ti-33V

Diffusion
Treatment

8 hrs,
16 hrs.
8 hrs.
16 hrs.
8 hrs,
24 hrs,
24 hrs,
Same as
24 hrs,
24 hrs,
20 hrs.

44 hrs,
25 hrs.

at 2850F+
at 2950F+
at 3050F+
at 3150F+
at 3250F
at 2850F
at 2850F
HT-6, 8
at 2850F
at 2850F
at 2400F+

at 2500F+
at 2600F

Remelt
Temp, F

>3950

>3800

>3800
> 3800
>4000
>3800
>3800

3360

3200

Remelt Temp.
Minus Braze
Alloy Liquidus F

> 890

> 740

> 740

> 740

>1020
> 820

>820

880

720

All tests conducted at a heating rate of
tensile stress of 1.2 psi,

approximately 600F/minute and a flatwise
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FIGURE 23
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Fillet microstructures from honeycomb specimens brazed with Ti are shown in
Figure 24, The as-brazed fillet exhibited a stabilized beta region near the base
metal and an alpha prime structure at the fillet extremities. A fine dispersion of
what might be omega phase was centered between these structures. After diffusion
treatment, the fillet contained a dark-etching phase and fillet hardness increased
substantially. Similar results were observed in the honevcomb specimens brazed with
Ti-30V as shown in Figure 25. These results were not consistent with data obtained
on similar lap joints. Reasons for the high fillet hardnesses and second phase
formation are not known at present. Additional effort is required to identify and
sclve this problem,

Transition Temperatures

Transverse bend transition temperature was determined on ,020 inch Ta-10W in the
as-received condition and after twoc separate thermal exposures, These exposures
similated processing cycles for Ti diffusion sink brazing (one minute at 3200F plus
24 hours at 2850F) and Cb-1,3B conventional brazing (one minute at 4200F). These
were the most severe exposures employved for diffusion sink and conventional brazing,
respectively. Transverse bend transition temperatures were below -320F for all of
these conditions,

Figure 26 shows the transverse bend transition temperature data obtained on
.010-.010 inch lap bend samples brazed with Cb-1,3B, titanium, and T{i-30V, Lap bend
samples brazed with Cb-1.3B exhibited a transition temperature of plus 140F, with a
broad transition region extending from -20 to +140F. This increase in transitien
temperature was caused by the discontinuous boride phase formed in the base metal
grain boundaries, These joints still exhibited ductility at room temperature as evi-
denced by the fact that they could be bent at least 25 degrees with no fracture,

Samples brazed with titanium and Ti-30V and diffusion treated, exhibited a transi-
tion temperature below -320F as shown in Figure 26, However, in all cases, metallo-
graphic analysis after testing showed braze alloy cracking perpendicular to the faying
plane with no base metal cracking. Therefore, several samples were bent at -150F to
determine the maximum bend angle which would produce no braze alloy cracking. The
samples brazed with titanium showed no evidence of cracking after being subjected to
bend angles of 10, 20 and 30 degrees. Samples brazed with Ti-30V showed cracking at
30 degrees but not at 10 or 20 degrees.

Several bend tests were performed on tee joints brazed with Cb-1.3B. 1In all cases,
specimens tested at room temperature and -320F were bent greater than 80 degrees with
no failure.

Transverse notched tensile transition temperatures of .002 inch foil are presented
in Figure 27. As-received foil, as well as foil exposed to the diffusion sink process-
ing cycles, exhibited a transition temperature below -300F., Foil subjected to the con-
ventional brazing cycle exhibited a transition temperature of -200F, Net section stress
was affected by thermal treatment as well, The room temperature net tensile stress
for the material exposed to the diffusion sink process cycle was reduced teo 75,000 psi.
For the comventional brazing cycle a further reduction to about 40,000 psi was observed.
These effects are due to recrystallization and grain growth. The grain growth achieved
by the conventional brazing cycle resulted in single grains in the sheet thickness
direction, Thus, the lower processing temperatures used for diffusion sink brazing
resulted in better foil toughness as well as higher notched tensilestrength,
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BEND DEFLECTION AT TFRACTURE - INCHES

BEND DEFLECTION AT FRACTURE - INCHES

FIGURE
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BRAZE ALLOY: Cb-1,3B
BRAZED 1 MIKUTE AT 4200F

BRAZE ALLOY: TITANIUM
BRAZED 1 MINUTE AT 3200F
DIFFUSED 24 HOURS AT 2850F

(1) BRAZE ALLOY CRACKING
PERPENDICULAR TO FAYING
PLANE - NO BASE METAL
CRACKING

BRAZE ALLOY: Ti-30V
BRAZED 1 MINUTE AT 3100F
DIFFUSED 24 HOURS AT 2850F

(1) BRAZE ALLOY CRACKING
PERPENDICULAR TO FAYING
PLANE - NO BASE METAL
CRACKING

HEAD SPEED .05 INCH PER MINUTE

TRANSVERSE BEND TRANSITION TEMPERATURES OF BRAZED Ta-10W LAP JOINTS
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HEAD SPEED

.10 INCH PER MINUTE

TRANSVERSE NOTCH TENSILE TRANSITION TEMPERATURE
OF .002 INCH Ta-10W FOTL
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BRAZE SYSTEM EVALUATION ON Ta-8W-2Hf AND Ta-30Cb-7,5V

The most promising braze systems evaluated on Ta-10W were selected for evalua-
tion on Ta-8W-2Hf and Ta-30Ch-7.5V, Specific braze systems and parameters were as
follows:

Intended

Base Metal Braze Alloy Diffusion Cycle Service Temperature
Ta-8W-2HE Ch-1.3B - 3000-3500F

Ti 24 hrs. at 2850F

Ti-30V 24 hrs, at 2B50F
Ta-30Ch-7.5V Ti 6 hrs, at 2850F 2500-3000F

Ti-30V & hrs. at 2850F

33Zr-34Ti-33V 20 hrs. at 2400F+

44 hrs., at 2500F+
24 hrs., at 2600F+

The diffusion treatments for Ti and Ti-30V applied to Ta-30Ch-7.5V, were reduced
from 24 to 6 hours at 2850F because of the lower service temperature requirements.

Tee Joint Evaluation

Tee joint strength test results on Ta-8W-2Hf and Ta-30Cb-7.5V are recorded in
Tables XIX and XX, respectively, In all cases, the tees failed at temperatures well
above the intended service temperatures,.

Lap Joint Evaluation

Lap shear strength test results on Ta-8W-2Hf and Ta-30Cb-7.5V are recorded in
Tables XXI and XXII respectively, All of these joints exhibited good high tempera-
ture strength. The Cb-1,3B provided somewhat higher joint strength on Ta-8W-2HE
than Ti or Ti-30V, 1In addition, joint strengths obtained with Cb-1,3B and Ti-30V
were higher than obtained on similar Ta-10W specimens. For Ta-8W-2Hf, the Ti-30V
produced higher joint strength than Ti, whereas the reverse trend was observed on
Ta-10W, Detailed comparisons between the Ta-30Cb-7,5V joints were not possible be-
cause most of the specimens failed in the base metal. However, the Ti and Ti-30V
joints were clearly stronger than 33Zr-34Ti-33V joints.

Transition Temperature

Transverse bend transition tests were conducted on ,013 inch Ta-30Ch-7,5V and
.010 inch Ta-8W-2Hf base metal samples, These alloys were tested in the as-received
condition and after the severest thermal exposures encountered in brazing. These ex-
posures consisted of one minute at 3200F plus 6 hours at 2850F for Ta-30Cbhb-7.5V, and
one minmuite at 4200F for Ta-8W-2Hf, 1In all cases, transverse bend transition tempera-
tures based on the same criteria emploved for the Ta-10W alloy were below -320F,

The Ta-30Cbh-7.5V lap bend samples brazed with titanium at 3200F for one minute
and diffusion treated at 2850F for 6 hours exhibited a transverse bend transition
temperature below -320F, Metallographic analysis, after testing, showed no braze
alloy or base metal cracking.

The Ta-8W-2Hf lap bend samples brazed with Cb-1,3B at 4200F for one minute ex-
hibited a transverse bend transition temperature of OF, This transition temperature
increase was substantially lower than the increase produced by Cb-1,3b on Ta-10W, shown
in Figure 26.
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TABLE XIX

Ta-8W-20f TEE JOINT STRENGTH TESTS

Sample Diffusion
No, Braze Alloy Treatment

TH-34A Cb-1.3B -

TH-3B Ch-1.3B -

TH-1A Titanium 24 hrs, at 2850F

TH-1B Titanium 24 hrs., at 2850

TH-2A Ti-30V 24 hrs, at 2850F

TH-2B Ti-30V 24 hrs., at 2850F

Failure
Temp, F

3750
> 3850
>3850
> 3860

3840

>3880

Notes: All tests conducted at a heating rate of approximately 600F/min. and a

tensile stress of 650 psi on the tee,

TABLE XX

Ta-30Ch-7,5V TEE JOINT STRENGTH TESTS

Sample Diffusion
No, Braze Alloy Treatment
TC-1A 33Zr-34Ti-33V 20 hrs, at 2400F+
44 hrs. at 2500F+
TC-1B 33Zr-34Ti-33V 24 hrs., at 2600F
TC-2A Titanium 6 hrs, at 2850F
TC-2B Titanium 6 hrs, at 2850F
TC-3B Ti-30V 6 hrs, at 2850F
TC-3C Ti-30V 6 hrs, at 2850F

Failure
Temp, F

3720
3750
3550
3700
3850

>13880

Note: All tests conducted at a heating rate of approximately 600F/min. and a

tensile stress of 650 psi on the tee.
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TABLE XXI
Ta-8W-2Hf LAP SHEAR STRENGTHS
Base
Sample Diffusion Test Shear Metal
No. Braze Alloy Treatment Temp F Strength Stress
THL-6 Cb-1.38B - 3000 7810 22,650
THL-5 Cb-1.3B - 3500 4910 14,350
THL-2 Titanium 24 hrs, at 2850F 3000 6760 20,450
THL-1 Titanium 24 hrs. at 2850F 3500 3430 10,900
THL-7 Ti-30V 24 hrs, at 2850F 3000 7150% 24,500
THL-4 Ti-30V 24 hrs. at 2B850F 3500 3980 11,250
Notes: Specimens were .040 inch thick with a .120-,140 inch overlap. Thickness

of braze joints was approximately ,002 inch,

ducted at ,05 inch/min. head speed.

TABLE XXTI

*Base metal failure - remaining samples failed in braze joint.

Ta-30Cb-7.5V LAP SHEAR STRENGTHS

Shear strength tests con-

Base
Sample Diffusion Test Shear Metal
No, Braze Alloy Treatment Temp., F Strength Stress
TCL-1 33Zr-34Ti-33V 20 hrs. at 2400F+ 2500 3890 psi 22,670 psi
44 hrs. at 2500F+
TCL-2 33Zr-34Ti-33V 24 hrs. at 2600F 3000 3225 20,170
TCL-3 Titanium 6 hrs. at 2850F 2500 8690% 50,670
TCL-4 Titanium 6 hrs. at 2850F 3000 496 5% 23,580
TCL-5 T4-30V €& hrs. at 2850F 2500 8925% 48,330
TCL-6 Ti-30V 6 hrs. at 2B50F 3000 4550% 25,580
Notes: Specimens were .030 inch thick with a ,120-,140 inch overlap. Thickness of

braze joints was approximately ,002 inch,

at .05 inch/min. head speed.

Shear strength tests conducted

*Base metal failure - remaining samples failed in braze joint,
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MANUFACTURING APPLICABILITY

The final test of a braze alloy system must be based upon practical considerations
encountered in real manufacturing operations. Some of these important considerations
include braze alloy/oxidation coating compatibility, adaptability to existing brazing
facilities and inspection techniques on the final brazement. In this section the
activities carried out in this progrdam aimed at the practical utilization of the deve-
loped braze alloy systems are discussed,

Braze Alloy-Coating Compatibility

The lap joint specimen used for braze alloy-coating compatibility evaluation was
selected for the following reasons:

1. The specimen simulated an edgemember to face sheet joint with braze alloy
exposed at the faying plane, This is the basic geometry found in a typical
honeycomb panel,

2. The specimen peometry provided a cross section of constant resistivity which
was amenable to direct resistance heating with minimum temperature gradients
as shown in Figure 28,

Specific base metal-braze alloy-coating combinations investigated are included
in Table ¥XIII, 1In all cases temperatures are reported as brightness temperatures
because the emissivity behavior of the coatings was unknown under the reduced pressure
conditions employed. For all the coatings emploved, the emissivities are estimated
to be from 0,60-0.80. Based on these values, the true temperatures would be approxi-
mately 50-200F greater than the reported brightness temperatures. In addition, several
Ta-10W specimens brazed with Ti were coated with the unmodified silicide. Each of these
specimens separated across the faying plane after coating. Therefore, high temperature
tests could not be performed. The cause of specimen failure is not known, All TZM
specimens coated with PFR-6 exhibited coating cracks at edge areas. These cracks were
caused by a combination of the coating thickness and edge radii employed, However,
the specimens were still protected and coating evaluation was not affected.

Specimen failure occurred at braze alloy-coating areas and/or base metal-coating
areas, Table XXIIT lists the testing conditions and types of failure based on visual
observation, and metallographic analysis and microhardness measurements on selected
specimens,

Figure 29 shows the microstructure of a typical as-coated TZM specimen coated
with PFR 6. The braze joint was severely attacked by the coating along the braze
alloy-base metal interface. Thus, high temperature test results were not meaningful
in terms of coating-braze alloy behavior. However, these results did show that the
base metal was protected to a maximum temperature between 2625 and 2920F based on test
conditions emploved,.

Figure 30 shows the microstructure of a Ta-10W joint, brazed with Cb-1,3B, coated
with Sn-25A1, and tested at 2870F. The coating reacted with the braze alloy during
testing and formed an alloy which melted and partially flowed away from the joint,
Reaction products remaining on the base metal were protective based on microhardness
data. However, severe joint recession occurred,
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Sample
No.

TABLE XXTITT

COATING-BRAZE ALLOY COMPATIBILITY

Braze Alloy

PFR-6 on TZM

CIM-4
CLM-12
CLM-3
CIM-8

Ti-25Cr-13Ni
Ti-25Cr-13N1
Ti-25Cr-13N1
Ti-25Cr-13Ni

Sn-25A1 on Ta-10W

CLT-3
CLT-2
CLT-6

CLT-11
CLT-12
CLT-13

CLT-17
CLT-19
CLT-18

CB-1.3B
Cb-1.3B
Cb-1.3B

Ti
Ti
T4

Ti-30V
Ti-30V
Ti-30V

Unmodified Silicide on Ta-10W

CLT-7
CLT-5
CLT-1

CLT-16
CLT-15
CLT-14

Cb-1.3B
Ch-1.3B
Ch-1.3B

Ti-30V
Ti-30V
Ti-30V

Test Cycle

2920F
2625F
2540F
2430F

3330F
3250F
2870F

3330F
2870F
2640F

2870F
2780F
2410F

2900F
2840F
2700F

3000F
2900F
2800F

for
for
for
for

for
for
for

for
for
for

for
for
for

for
for
for

for
for
for

3 min.
47 min.
60 min,
51 min.

3 min,
6 min.
25 min,

11 min,
60 min,
60 min,

23 min,
25 min.
60 min.

43 min.
56 min.
60 min.

13 min.
5 min.
60 min.

Type of Failure

Coating- Coating-
Base Metal Braze Alloy
v v
v
v
v
v v
v v
Heavy interaction but
protection maintained
v
v
Heavy interaction but
protection maintained
v Y
v
Mild interaction but
protection maintained
v v
v v
v v
v v
v

Coating Thicknesses: PFR-6 -

Test Conditions:

Sn-2541

,0029 to ,0032 inch
L0007 to .00l inch
Unmodified Silicide ,0018 to ,0021 inch

1.2 psi air atmosphere
Air Flow Rate - 5 cubic feet per hour
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The Ta-10W specimens brazed with Ti and Ti-30V also showed substantial interaction
between the joints and the Sn-25Al1 coating after testing at lower temperatures. How-
ever, the reaction products remained in the joint and substantially less melting and
recession occurred. Microhardness data confirmed that joint and base metal protection
was maintained., Overall test results obtained with Sn-25A1 show that the base metal
was protected to a maximum temperature of approximately 2870F under the test conditions
emploved,

Figure 31 shows the microstructure of a Ta-10W joint brazed with Cb-1.3B, coated
with an unmodified silicide, and tested at 2700F, In this sample, braze alloy did not
flow to the edge of the joint. MNevertheless, the excellent throwing power of the
coating provided protection of the recess area as evidenced by microhardness data.

This base metal-braze alloy-ccating system exhibited excellent compatibility. In addi-
tion, the coating provided excellent base metal and braze joint protection up to
2700-2840F,

The Ta-10W joints, brazed with T1-30V and silicide coated, exhibited poor braze
alloy coating compatibility as shown in Figure 32, During coating, silicon diffused
into the braze joint and reduced the joint melting temperature, During testing,
melting occurred at the braze alloy-coating interface resulting in a loss of oxidation
protection., Overall test results obtained with this coating indicate the base metal
was protected to a maximum brightness temperature of 2800F.

In general, overall results show that braze alloy-coating compatibility is poor,
In some cases the braze alloys are compatible with coatings but only at temperatures
well below the maximum capability of the coating-base metal system, The major factor
causing this compatibility problem is the rapid interdiffusion between braze allays
and coatings which results in the formation of low melting and/or non-protective phases,
Therefore, further effort in this area should concentrate on methods for coating ex-
posed braze joints with base metal. This would eliminate the braze alloy-coating com-
patibility problem and provide greater latitude in braze alloy development. Thus, a
coating developed for a base metal would be directly applicable to brazed structures.

Quartz Lamp Brazing of TZM

During this investigation, several closed cell TZM honeycomb panels were brazed
by Northrop Norair persomnnel as part of Contract AF 33(657)-8910. Early in the program,
a 6 x & x% inch honeycomb panel was brazed with edge closures, Braze alloy powder
(46Zr-34V-20Ti) was placed on face sheets and faying planes. A fifteen percent addi-
tion of Ta sink powder was placed at honeycomb fillet and node areas.

The panel was brazed one minute at 2400F, using the Nortobraze quartz lamp brazing
process. The brazing envelope contained a 500 torr argon atmosphere. This experiment
showed that (1) braze alloy and diffusion sink powder placement techniques were appli-
cable to manufacturing operations, and (2) lacquer binder could be removed effectively
from a closed cell structure by vacuum purging at 600-1200F. The marginal flowability
of the braze alloy also was confirmed.

Later, a 6 x 6 x % inch TZM honeycomb panel with no edge closures was quartz lamp
brazed with Ti-25Cr-13Ni (,22 gm/inzlface sheet). The panel was brazed one minute at
2250-2300F in a 200 torr argon atmosphere. After the standard diffusion treatment
discussed previously, a 2 x 2 inch sample was cut from the center of the panel. This
sample exhibited a remelt temperature of 3000F under a 0.3 psi flatwise tensile stress,
The remelt temperature was reasonably consistent with previous data obtained on 2 x 2
inch specimens brazed by the quartz lamp method (see Table XII},
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As part of Northrop Norair's commitment on this program, a 5 x 5 x % inch honey-
comb panel shown in Figure 33 was prepared using the Nortobraze quartz lamp process.
A corner clip arrangement was employed to provide corner sealing and reinforcement
using lap joints amenable to brazing. The purpose of this panel was to evaluate final
Ti-25Cr-13Ni brazing parameters and techniques.

In order to maintain thin braze joints (.00l inch max.), it was necessary to feed
the corner clips from outside the faying plane. This was accomplished by drilling a
total of eight 1/8 inch diameter holes in each clip. These holes were filled with braze
alloy which fed the joint by capillary attraction. It would alsc have been desirable
to place braze alloys outside the face sheet to edge-member joints. However, this was
not possible because of tooling requirements., Therefore, braze alloy was evenly placed
on the faying planes using a .054 gm/inZ loading. This was equivalent to a 0,006 inch
braze alloy thickness., The panel was quartz lamp brazed in vacuum using a braze cycle
of one minute at 2300F.

Results obtained on this panel indicate that it is difficult to achieve fit-up
tolerances of .00l inch maximum which are required for good remelt temperatures. Thus,
some voids were noted in many areas representing lap joint configurations. Additional
effort is required to modify the braze alloy and brazing parameters to permit develop-
ment of high remelt temperature in thicker joints.

Non-Destructive Testing

Several 2 x 2 inch TZM honeycomb specimens brazed with Ti-25Cy-13Ni, and Ta-10W
specimens brazed with Ti were X-rayed in the as-brazed condition. Fillets and nodes
were not detectable because of the large differences between base metal and braze alloy
absorption properties., Similar X-ray results were observed after diffusion treating
even though the fillets and nodes contained 30-60 percent base metal. These results
indicated that conventional X-ray techniques are not applicable to these braze alloy-
base metal combinations.
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TZM HONEYCOMB PANEL BRAZED WITH Ti-25Cr-13Ni

FIGURE 33



V INTERPRETATION OF RESULTS

There are several approaches for producing high braze joint remelt temperatures
in refractory alloys, Diffusion sink brazing was the most promising approach for the
specific requirements of this program. Diffusion sink brazing is based on brazing at
relatively low temperatures followed by reacting the braze alloy with a diffusion sink
powder placed at fillet areas and/or the base metal itself during a subsequent low
temperature diffusion treatment. Thus, a new alloy is formed with a high remelt tem-
perature. One of the major advantages of this approach is that systems may be selected
so that braze alloy-sink powder-base metal interactions result in solid solution forma-
tion, thereby assuring joint ductility.

Although techniques were developed for placing sink powders at fillet and node
areas on honeycomb core, the maximum quantities of sink powders attainable by this
means were relatively small in terms of the amounts needed to produce desired remelt
temperatures. Thus, it was necessary for the base metal to provide a major portion
of the total diffusion sink requirement.

Braze system evaluation on Ta-10W and TZM showed that high remelt temperatures
were achieved using the base metal alone as the diffusion sink. Any benefits of sink
powder additions were largely offset by reduced braze fillet-base metal diffusion
rates. This was particularly undesirable in TZM joints since rapid diffusion rates
were essential for developing high remelt temperatures within the limited diffusion
cycles dictated by recrystallization behavior,

The reduced fillet-base metal diffusion observed in joints containing sink powder
is explainable, since the driving force for diffusion is partly dependent upon concen-
tration differences between the fillet and base metal. For example, the Mo concentra-
tion difference initially was 100 percent in a TZM joint containing no sink powder.

For a similar TZM joint containing 10 percent Mo powder, the initial difference between
Mo concentration in the fillet and base metal was only 90 percent. Thus, the rate of
fillet-base metal diffusion was reduced in this case,

The fact that sink powders are not required is an advantage from a standpoint of
simplified manufacturing procedures. However, the results showed that sink powder
additions offer an excellent approach for minimizing erosion effects sometimes en-
countered in conventional brazing,

TZM MOLYBDENUM

Thermal processing cycles associated with brazing, diffusion treating, and coating
are limited by recrystallization and embrittlement behavior of TZM core (foil), These
processing exposures must be limited to a total thermal exposure parameter value of
approximately 81,500-83,000 based on the parameter K = T(29 + log t) where T = Rankine
temperature and t = time in minutes, Multiple thermal exposures produce more recrys-
tallization than a single thermal exposure at the same parameter value.

Diffusion treatment temperatures should be below the braze alloy solidus to pre-
vent fillet melting and run-off, If the solidus is too low, long impractical diffusion
times are required. 1In such cases the length of time may be reduced somewhat by using
a "stepped!" diffusion treatment whereby temperature is gradually increased as diffusion
progresses, If the braze alloy solidus is too high, then high braze temperatures are
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required which produce recrystallization or insufficient remaining thermal exposure
for diffusion treatment. Consideration of these factors indicates that the braze
alloy solidus should be above 2050F with a braze temperature within the 2200-2300F
range. The thermal exposure parameter shows that optimum post-braze diffusion treat-
ments may be based on long times at low temperatures rather than short times at higher
temperatures. The former type of treatment offers the advantage of less base metal
recrystallization for a given amount of braze alloy-base metal diffusion.

Alloys in the Zr-V-Ti, Ti-Ni-Si, and Ti-Cr-Ni systems were evaluated for diffu-
sion sink brazing of TZM, Of these the Ti-25Cr-13Ni diffusion sink braze system was
clearly the most promising. An optimum diffusion treatment compatible with foil re-
crystallization behavior was developed.

The evaluation of braze alloys for TZM included the utilization of tee joints,
lap joints, 1 x 1 inch honeycomb and 2 x 2 inch honeycomb samples. The remelt and
strength results obtained from these various specimens did not agree, indicating that
the results were specimen geometry sensitive, This sensitivity came about from two
main factors; namely, one, volatilization of braze alloy constituents and two, joint
thickness. Both of these factors had an influence on the amount and distribution of
a deleterious secondary phase, TioNi, formed during brazing and diffusion. High
strengths and remelts were achieved in tee joints where volatilization of the braze
alloy had ocecurred from the fillet regions. High strengths and remelts were achieved
in lap joints when joint thicknesses were 1 mil or less. The strength and remelt
temperatures achieved in honeycomb configurations were governed by fit-up mainly,
since little evaporation of the braze alloy could occur in the closed cell honeycomb
at these temperatures. The excellent fit-up achieved in the Nortobraze quartz lamp
brazing manufacturing process was responsible for the superior honeycomb panels pro-
duced by this means compared to laboratory made specimens,

Brazing procedures and techniques were verified by fabrication of a completely
ductile, typical, 5 x 5 x 1/2 inch honeycomb panel configuration complete with edge
closures. This panel brazed at 2250-2300F will exhibit a remelt temperature in ex-
cess of 3000F. Procedures developed in the laboratory were found applicable to manu-
facturing operations with one exception. The .001 inch maximum braze joint thickness
was difficult to maintain on lap joints such as face sheet to edgemember joints.

Thus, diffusion sink brazing has been found highly applicable to TZM. However,
additional optimization effort is required in the following areas:

(1) Develop greater joint thickness tolerances,
(2) Develop greater high temperature strength.

TANTALUM ALLQYS

Since the tantalum alloys considered in this program do not exhibit embrittlement
upon recrystallization, conventional as well as diffusion sink brazing approaches
were utilized. The conventional brazing approach led to the development of a high
melting point braze alloy (Cb-1.3B) that resulted in honeycomb panels of good ductility
and high strength,

Diffusion sink brazing was successfully demonstrated, Using this technique maxi-
mum brazing temperatures were at least 1000F lower than required for conventional
brazing. The braze alloys employed were (1) Ti, (2) Ti-30V, and (3} 33Zr-34Ti-33V,
High strength (2160-4270 psi) and remelt temperatures(3300-4200F) were achieved.
However, an improvement in the ductility of the core is desirable.
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All honeycomb specimens produced by diffusion sink brazing exhibited significant
embrittlement of the core in the as-diffusion treated condition, During diffusion
treatment, braze alloy volatilized within the cells and deposited on the foil, This
deposit preferentially diffused along the grain boundaries of the foil. Embrittlement
oceurred in spite of the fact that a relatively soft solid solution zone was formed,
Limited data also showed that reduced diffusion temperatures markedly reduce foil em-
brittlement caused by this mechanism. Additional effort is required to alleviate
this problem by optimization of the diffusion treatment and/or reducing braze alloy
vapor pressure by alloying.

The diffusion treated Ti and Ti-30V joints were essentially single phase, ductile
solid solutions. However, honeycomb fillets exhibited high hardnesses and a two-phase
structure. Additional effort is required to determine the reasons for this anomaly
and to cortect the problem.

COATING COMPATIBILITY

Overall results on TZM and Ta-10W show that braze alloy-coating compatibility is
poor. 1In some cases the braze alloys are compatible with coatings, but only at tem-
peratures well below maximum capability of the cocating-base metal systems. The only
exception to this observation is the Cb-1,3B braze alloy coated with an unmodified
silicide.

The major factors causing this incompatibility problem are (1)} rapid interdiffusion

between braze alloys and coatings and (2) the coating-braze alloy interaction generally
results in low melting, non-protective reaction products,
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VI CONCLUSTIONS

MOLYBDENUM-TZM

1,

Diffusion sink brazing with a Ti-25Cr~13Ni braze alloy (braze temperature
2250-2300F) permitted brazing below the recrystallization temperature of TZIM,
Remelt temperatures exceeding 3100F were attained on tee and lap joints,.

Brazing techniques and the Ti-25Cr-13Ni braze alloy were applicable to brazing
of closed cell honeycomb, Remelt temperatures as high as 3180F were achieved,

The Ti-25Cr-13Ni braze alloy exhibited poor compatibility with a modified sili-
cide coating both in the as-coated condition and following oxidation tests,

Manufacturing applicability of the Ti-25Cr-13Ni braze alloy and brazing tech-
niques was demonstrated using the Nortobraze quartz lamp brazing process, Opti-
mum results were attained by maintaining joint thickness at .00l inch or less,

TANTALUM ALLOYS - Ta-10W, Ta-8W-2Hf, Ta-30Cbh-7.5V

L.

Diffusion sink brazing with Ti and Ti-30V (braze temperature 3050-3200F) pro-
duced remelt temperatures exceeding 3800F on tee and lap joints. Diffusion

sink brazing with 33Zr-34Ti-33V (braze temperature 2600F) produced remelt tempera-
tures exceeding 3200F.

Braze alloys and technigques developed were applicable to brazing closed cell
honeycomb panels which withstood a one-hour exposure at 3300F under a flatwise
tensile stress of 1.2 psi.

A Cb-1.3B braze alloy showed excellent potential for conventional brazing of
closed cell honeycomb panels in vacuum or argon. Brazed honeycomb specimens
loaded to a 1.2 psi flatwise tensile stress withstood a one-hour exposure at
3300F with no failure.

The Ct—1.3B braze alloy exhibited good coating compatibility with an unmodified
silicide coating. Other braze alloy coating combinations exhibited relatively
poor compatibility.
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APPENDIX A
LITERATURE SURVEY

Literature surveys were conducted through the Defense Metals Information Center
and the Defense Documentation Center. The subjects searched included brazing approaches
and techniques, refractory alloy brazing, oxidation protective coatings for molybdenum
and tantalum, and phase diagrams of potential braze systems,

Brazing of refractory alloys for high temperature service, and protective coating
of tantalum were found to be in relatively early stages of development; only limited
information was available. The following discussion is a summary and analysis of the
available information as it applied to this program at its inception.

MOLYBDENUM BRAZING

Thermal Fmbrittlement

It is well known that molybdenum alloys can be seriously embrittled by thermal
exposures which produce recrystall-ization.1 Therefore, a brazing study on molybdernum
must consider the effects of brazing thermal exposures on recrystallization and em-
brittlement behavior,

Recent studies have shown that the recrystallization temperature ranges for .01l
inch and .002 inch Mo-.5Ti-.08Zr (TZM) are approximately 2400F-2700F and 2100F -
2500F, respectively, for a six minute exposure at temperature.253 The lower recrystal-
lization resistance of the .002 inch foil could be the controlling factor in establish-
ing a maximum brazing temperature for TZM honeycomb structures.

The same investigations also showed that recrystallization per se did not cause
severe embrittlement of ,011 inch TZM and .0l0 inch Mo-.5Ti. Small amounts of re-
crystallization (5-15 percent) produced a slight degree of embrittlement based on bend
transition temperature data, Increasing amounts of recrystallization up to at least
80 percent produced no additional embrittlement, However, once recrystallization was
essentially completed and substantial grain growth occurred, severe embrittlement was
observed, Bend test data indicated that recrystallized ,002 inch TZM foil possessed
substantially better bend ductility than .01l inch TZM sheet in the same condition.
This may have resulted from the higher degree of biaxiality for the sheet versus foil,

These observations suggested several practical implications, First, brazing cycles
which produce recrystallization, but no appreciable grain growth, may be tolerable with
respect to ductility. Secondly, it may be possible to base brazing cycles on the higher
recrystallization behavior of the TZM sheet rather than the foil and still maintain ade-
quate ductility, Both of these factors permitted brazing temperatures as high as 2400F
rather than 2100F based on a criterion of 0 percent maximum recrystallization of the
foil,

It was shown that a Larson-Miller type time-temperature parameter can accurately
predict recrystallization behavior of TZM sheet exposed to a wide range of single
thermal exposures.3 In addition, the parameter can be used to predict recrystalliza-
tion behavior for multiple exposures at a single temperature. However, double thermal
exposures using two different times and temperatures produce a greater amount of re-
crystallization than predicted by the parameter. A correction factor applied to the
parameter was found to provide an approximate correlation between recrystallization
behavior and such multiple thermal exposures.
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The above approach was used to establish maximum allowable brazing temperatures,
since the time-temperature parameter can be used to establish the maximum allowable
thermal exposure for all thermal cycles required in the brazing fabrication process,
The post braze thermal cycles could include a diffusion heat treatment and an oxida-
tion protective coating cycle,

Taking into account probable post braze thermal cycles, it appeared that a one-
minute braze cycle at temperatures to 2400F could be emploved for brazing TZM honey-
comb panels, This braze cvele, together with post braze thermal cyele, should be
compatible with a satisfactory level of panel ductility.

Conventional Brazing

A number of investigation5234a5,6s7a8a9 have studied the use of precious metals,
iron, nickel, and cobalt alloys for brazing molybdenum. These fillers have been con-
sidered for conventional brazing as well as for approaches aimed at increased joint
remelt temperatures, Conventional brazing is defined as brazing with a filler possess-
ing a solidus temperature at least 200F above the intended service temperature.

The reported applicability of these systems varied from good to poor. Phase dia-
gram relationships indicated that most of these systems formed brittle intermetallic
compounds and/or low melting phases with molybdenum at the filler-base metal inter-
faces. Thus, one would expect these systems to exhibit poor compatibility with molyb-
derum., However, in some cases the as-brazed joints were reported to be ductile. This
may have resulted from rapid braze cycles which minimized base metal-braze alloy inter-
action. Regardless of this, actual applications of these joints would require a pro-
tective coating cyecle followed by a service cycle. During these thermal exposures
base metal-filler diffusion could occur to form the brittle or low melting phases
predicted from phase diagrams.

Feinstein/ studied the effects of elevated temperature diffusion treatments on
molybdenum joints brazed with An-17.5Ni. It was found that the diffusion treatments
produced a Au-Ni-Mo intermetallic compound which reduced room temperature strength,
presumably by joint embrittlement. McCown et al9 reported that TZM joints brazed
with a cobalt base alloy (Haynes 25} were embrittled by subsequent thermal exposures,

Young and Jones!® studied solid state diffusion bonded joints between Mo-,5Ti
and iron, nickel, and cobalt base alloys, Diffusion treatments resulted in inter-
metallic compound formation at the joint interfaces. The brittleness of the inter-
metallic zone was clearly indicated by the high interface microhardness data reported.
Thus, the studies confirmed that iron, nickel, and cobalt-base alloys were not pro-
mising braze fillers for melybdenum.

Conventional brazing of molybdenum alloys has been investigated using higher
temperature fillers which brazed in the 2900F - 3200F range.2=9’10 The fillers were
basically titanium alloys which were compatible with molybdenum based on phase diagram
relationships. These alloys formed ductile joints but the high brazing temperatures
recrystallized and embrittled the base material. Thus, use of titanium alloys elimi-
nated the braze alloy-base metal compatibility problem but substituted a recrystal-
lization and embrittlement problem.
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1t appears that conventional brazing temperatures could be increased by using
very short braze cycles. However, it is impractical to consider braze cycles of less
than one minute at temperature, When the time-temperature parameter is used to deter-
mine the temperature that would produce 100 percent recrystallization of TZM during a
one-minute braze cycle, a temperature of 2700F for .01l inch TZM sheet and 2550F for
.002 inch TZM foil was calculated. Thus, rapid cyele conventional brazing offered no
promise for producing ductile TZM honeycomb panels for 3000F service.

High Remelt Temperature Brazing

Effective utilization of molybdenum brazements to 3000F requires the development
of braze alloys which braze below the recrystallization temperature, but develop high
remelt temperatures., This approach would retain base metal ductility in the as-fabri-
cated condition and still permit high service temperatures.

"Diffusion sink" brazing is an approach for increasing braze joint remelt tem-
peratures which has received some study. This concept involves the reaction of a braze
alloy with the base material and/or refractory metal powder additions after proper
filleting and flow have occurred. The reaction takes place during the braze cycle
or during a post braze diffusion treatment at a lower temperature, The diffusion re-
action results in a new alloy in the joint with a higher melting temperature.

MeCown, et al® inmvestigated an 80(Ti-8,58i) -20 molybdenum powder diffusion sink
braze system for TZM. This system required a braze temperature of 2550F followed by a
three hour diffusion treatment at 2200F, Joint remelt temperatures from 2950 to 3150F
were reported on ,010 inch gage tee joints lightly loaded to 2-6 psi tension on the
legs of the tees. The data also showed the remelt temperature to decrease with in-
creased joint loading. The braze joints were reported to be ductile, but the 2550F
braze temperature was observed to be somewhat high from the standpoint of base metal
recrystallization, In another investigation of the Ti-B.58i alloyll it was concluded
that the 2550F braze temperature of this alloy resulted in recrystallization of the
TZM., This study raised some questions regarding the ductility of the alloy as well,

Hugill, et a1l2 investigated a Ti-13.5Cr-8.58i alloy, which was reported to pos-
sess excellent potential for brazing TZM.? Tee joints were brazed with the braze
alloy alone and with a columbium powder diffusion sink addition. The braze alloy
melted at approximately 2380F and exhibited good filleting and flow at 2450F. The
columbium diffusion sink and a diffusion treatment of one hour at 2200F produced
relatively mild increase in remelt temperature. This may have resulted from limited
diffusion reactions produced by the diffusion treatment employed,

The most important conclusions of this work were that the braze alloy exhibited
marginal ductility and the columbium powder additions did not improve ductility.
In addition, the diffusion treatment produced a significant increase in the micro-
hardness of the braze alloy and presumably a decrease in ductility.

A "reactive brazing' concept has been considered for producing high remelt tem-
peratures on refractory alloy brazementsl3, Reactive brazing is based on using a
braze alloy containing a strong melting temperature depressant, The depressant is
selected to react with the base material or powder additions to form a high melting
intermetallic compound during a post-braze diffusion treatment. By removing the de-
pressant in this manner, the joint remelt temperature is increased. As an example
of this approach, an a110¥ designated RGN-15 (Zr-21Cb-4Be) was used to braze ,006 inch
TZM tee joints at 2150F, 11 A subsequent five hour diffusion treatment at 2200F pro-
duced a remelt temperature of 2980F with a 1000 psi stress on the base material,

The joints were reported to be ductile at room temperature based on bending the
,006 inch leg of the tee at some distance from the fillet, This test produced sub-
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stantial deformation of the base material but little deformation of the joint.

A reactive Pt-B braze system for brazing tungsten was reported to produce lap
joint remelt temperatures approaching 4000F under a 21.5 psi shear stress. This
system appeared to offer promise for brazing molybdenum; however, McCown, et al®
evaluated the alloy on TZM tee joints and found it extremely brittle in the as-brazed
conditioen,

The concept of reactive brazing offers potential for increasing joint remelt
temperatures. Successful application of this concept appears highly dependent upen
controlling the intermetallic compound reaction to form discrete particles. If con-
tinuous intermetallic compound films are present in the grain boundaries or along
the base metal-fillet interfaces, joint ductility would be seriously impaired.

TANTALUM BRAZING

Thermal Fmbrittlement

Available informationl5;16,17 jindicated that tantalum alloys are not severely
embrittled by recrystallization and grain growth. This behavior is in sharp contrast
to that reported for molybdenum alloys. Thus, there appears to be no metallurgical
reason why tantalum alloys could not be brazed at temperatures approaching 4000F to
obtain service to 3500F, However, brazing temperatures in excess of 3200F would pre-
sent severe manufacturing and equipment problems. Therefore, brazing to obtain high
remelt temperatures, as well as conventicnal brazing, was considered highly desirable.

Conventional Brazing

Very little information was regorted on brazing tantalum alloys for high tem-
perature service, Young and Jonesl ’18, concentrated primarily on development of
conventional braze alloys for columbium and tungsten. Some of these systems appeared
applicable to tantalum brazing. The V-35Ch and Ti-30V braze alloys developed for colum-
bium were used to braze Ta-30Cb-5V joints, Excellent filleting and flow were reported
and it was concluded that these alloys offered potential for tantalum brazing.

In the same investigations several columbium-base alloys were identified for
conventional brazing of tungsten for service to 3500F. Of these, a Cb-2.2B alloy
appeared to offer excellent potential for conventional brazing of tantalum alloys for
3500F service,

The filleting and flow properties of several potential braze alloys were deter-
mined on pure tantalum tee joints.19 No significant differences in braze alloy be-
havior were noted between vacuum or argon brazing atmospheres. Pure titanium and
Ti-30V exhibited poor filleting and flow. A Ti-13V-11Cr-3Al alloy exhibited fair
filleting and flow while excellent results were observed with Ti-30Cr and V-20Ti,

High Remelt Temperature Brazing

No references were found on brazing of tantalum to develop high remelt tempera-
tures. However, the diffusion sink and reactive brazing concepts discussed for molyb-
denum are applicable to tantalum alloys as well,

OTHFR BRAZING APPROACHES

Investigations were conducted on systems that develop high remelt temperatures
by evaporation of a volatile melting temperature depressant from the braze a110y.20’21
This work was conducted using nickel-base braze alloys but the concept is applicable to
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brazing in general. The approach offers excellent potential but is subject to joint
geometry limitations. Since closed cell honeycomb structures were used in this pro-
gram, the volatile element concept was not pursued.

An exothermic brazing approach is under investigation for brazing refractory
alloys at temperatures up to 3100F.22 This concept is actually a conventional brazing
approach using an exothermic reaction as the heat source rather than conventional heat-
ing equipment. The process offers distinct advantages from the equipment standpoint.
However, it also poses a serious problem with regard to temperature control. This pro-
blem complicated the development of braze systems on this program and therefore exo-
thermic brazing was not utilized.

OXIDATION PROTECTIVE COATINGS

Oxidation protective coatings for brazed molybdenum and tantalum joints should
be compatible with the braze joints as well as the base materials, A recent summary
of coating research effort?3 indicates that little attention has been directed to this
area, This gap in fundamental information has made it difficult to consider coating
compatibility as one parameter of braze alloy development. Estimates of braze alloy-
coating compatibility should be possible from phase diagram and thermodynamic data.

Molvybdenum Coating

Numerous studies have been devoted to development of coatings for molybdenum,
Most of the coatings interacted with the base material. Therefore, substrate thick-
ness below .020 - ,030 inch becomes an important variable where thin gage TZM honey-
comb structures are involved.

An investigation is presently in Erogress to determine applicability of avail-
able coatings to .006 inch TZM foils.2* A number of coatings are being screened
and the following cecatings have been found to offer promise for advanced evaluation.

1. Chance Vought - 2 cyele Si-(Cr+B), pack cementation

2, General Telephone and Electronies - 70Sn-25A1-5Mo, spray and sinter coating
3. Pfaudler - PRF-6, pack cementation
4

. Chromalloy - W-3, pack cementation

The results of this evaluation provided a good basis for TZM coating selection.

Hugill, et all? found.that several titanium-base braze alloys for TZIM were not
compatible with the Pfaudler PRF-6 coating. The braze alloys were attacked during
the coating cycle. Subsequent oxidation tests in air showed the coating to provide
little protection to the braze alloys. This limited data suggested that titanium-
base braze alloys, in general, may not be compatible with silicide coatings.

Tantalum Coating

At present only two coatings have received concentrated attention for tantalum
protection. These are the Sn-Al typ325s26 and the silicide type27, The Sn-Al type
coating appears to be useful to approximately 3400F in air. Maximum useful tempera-
ture decreases in rarified air atmospheres due to coating evaporation. Columbium
and vanadium-containing tantalum alloys were found to be compatible with the coating.
Alloying elements which form oxides thermodynamically more stable than AlpO3 are
detrimental to oxidation resistance in amounts greater than 5-10 percent.
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Zirconium and hafnium are prime examples,

The silicide type coating appears to be useful to approximately 3000F in air.
Composition of the substrate significantly affects coating performance. Tungsten,
molybdenum, and vanadium improve the oxidation protection at high temperatures. Vana-
dium is particularly effective in enhancing low and high temperature oxidation protec-
tion. Hafnium appears to be somewhat detrimental to coating behavior.

the data on effects of base metal alloying elements on coating performance provided
a basis for estimating possible braze alloy-coating interactions,

PHASE DIAGRAM DATA

Molybdenum braze Svstems

Four compilations were found to contain most of the available phase diagrams of
interest28,29,30,31  These data showed that W, Ta, Cb, Cr, V and Ti are compatible
with molybdenum based on a criterion of complete solid solubility., However, the
melting temperatures of W, Ta, and Cb are too high to consider them as braze alloy
matrices. The brittle behavior of chromium precluded its consideration as a braze
alloy matrix, Titanium and vanadium are the most promising braze alloy matrices
with titanium offering the greatest potential for the following reasons:

li No information was available on braze alloy-coating compatibility. Nevertheless,

1, Titanium exhibits a lower melting temperature than vanadium,

2. More phase diagram data is available for titanium systems than vanadium
systems.

3. The melting temperature of titanium can be more easily depressed to the
desired 2000F - 2300F range.

Since titanium melts at 3050F, it was necessary to reduce the melting temperature
by alloying. The most potent melting temperature depressants for titanium are Fe, Ni,
Ca, Cu, Mn, Si, Cr, Zr, and Be. Very limited data were available on the Ti - Be system.
With the exception of Cr, these solute elements exhibit limited solid solubility in
molybdenum. No elements were found which are both compatible with molybdenum and
able to depress the melting temperature of titanium to the desired range. Conse-
quently, the formulation of titanium-base braze alloys requires a consideration and
balance between the following factors:

1. The quantity of depressant required to obtain the desired melting tempera-
ture.

2, The influence of the depressant on braze alloy ductility,

3. Phase relationships in the Ti - depressant (s) - Mo system with respect to

intermetallic compound and low melting phase formation,

The influence of diffusion sinks on phase relationships, ductility and

melting temperature of the braze alloy-base metal - diffusion sink system,

[

From phase diagram data?8 it appeared that binary alloys of titanium containing
Fe, Ni, Co, Cu, Mn, and possibly Be could be formulated to melt within the desired
range, However, relatively large solute additions were required, These additions
could seriously reduce ductility.

An investigation of Ti - Fe alloys indicated that iron levels well below those
required to reach the desired melting range produced serious embrittlement .32
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Several alloys from the Ti-Fe-Mn system were also evaluated. Alloy selection was
based on the liquidus data of Murakami, et al.33 Tt was found that alloys which
melted within the desired temperature range were very brittle, The embrittling
effects of Mn and Fe were quite similar. Therefore, the Ti-Fe and Ti-Fe-Mn systems
offer limited potential as braze alloys.

The influence of Co, Ni, and Cu on ductility of titanium is not known at the
levels of interest. Of these elements, Cu appears least promising because it is not
as strong a melting temperature depressant as Co and Ni. Therefore, the Ti-Co-Cr and
Ti-Ni-Cr systems offer potential because a portion of the Co and Ni could be replaced
with Cr which is compatible with molybdenum. Liquidus isotherms in the Ti-Cr-Ni
system have been developed as shown in Figure Al, It seems reasonable to assume that
the form of the liquidus isotherms for the Ti-Cr-Co system are quite similar.

The Ti~Cr-Fe system appeared to offer potential as a braze alloy if the Fe con-
tent can be held at low levels to minimize embrittlement, Some available data on
solidus temperatures in the Ti-Cr-Fe system34 offered a basis for alloy formation.

Data have been reported on liquidus isotherms for the Ti-Cr-Mo system.35 The
data indicate that a Ti-Cr braze alloy offers excellent remelt potential using the
diffusion sink brazing approach with molybdenum as the sink, However, the minimum
melting temperature of alloys in the Ti-Cr system is approximately 2550F.

A Ti-13,5Cr-8,55i alloy has been suggested for brazing TZM.? The liquidus tem-
perature of the alloy is approximately 2400F. An estimate of the liquidus tempera-
tures in the Ti-Cr-Si system indicates that approximately 2400F is the minimum melting
temperature of potengjal alloys, Substitution of Ni for Cr in this system offers
potential for lower melting alloys. The estimated liquidus temperatures for the Ti -
rich corner of the Ti-Ni-Si system are shown in Figure A2,

Binary phase diagrams indicated that nickel is a potent melting temperature depres-
sant for both titanium and zirconium., In addition, titanium and zirconium are compat-
rible, Therefore, the Ti-Zr-Ni system appeared attractive from the standpoint of melt-
ing temperature and ductility.

A Ti-48Zr-4Be alloy was evaluated as a braze alloy for TM.% This system was
noted to be extremely brittle, Since the alloying behavior of Be with Zr and Ti
is similar, it appears that the lack of ductility would extend to Ti-Be alloys. It
is estimated that a minimum of 2 percent Be is required to depress the melting tem-
perature of titanium to the desired range. Alloy ductility at this beryllium level
is highly questionable.

Solid state phase relationships in the Ti-Zr-V system were investigated.36
Further studies determined the ductility and melting temperatures of a number of
alloys in this system.10 These data were employed to estimate the liquidus iso-
therms shown in Figure A3. This system appeared very attractive in that a wide range
of melting temperatures was possible.

Zirconium exhibits limited solubility in molybdenum and a ZrMos intermetallic
compound, Limited data on the Mo-Ti-Zr phase diagram31 show that Ti suppresses
formation of ZrMoj., Therefore consideration of a Ti-Zr-V braze alloy for TZM ap-
peared justified. However, the alloy must be formulated with the lowest Zr content
and highest Ti content consistent with melting temperature requirements.
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FIGURE A2

ESTIMATED LIQUIDUS ISOTHERMS IN THE Ti-RICH
CORNER OF THE Ti-Ni-5i SYSTEM
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The Ti-V-Zr system offered possibilities for reactive brazing. The phase dia-
gram of Figure A3 shows that if Zr and/or V can be preferentially removed from the
alloy, the iiquidus temperature will be increased. These elements all show a high
negative free energy of formation for high melting carbides and borides. 1If there
are distinct differences in reaction rates, it may be possible to selectively form
Zr and V compounds in preferernce to Ti compounds,

Incorporating the boron and/or carbon powders in the diffusicn sink powder offered
an attractive approach for adding these elements. This should result in formation of
discrete boride and/or carbide particles rather than continuous films,

Limited data on melting temperatures and ductility of Zr-V-Cb alloys was re-
ported.10 This alloy system offered some promise for developing TZM braze alloys.

Selection of optimum diffusion sinks for the above mentioned braze alloy systems
required consideration of the following points,

1. Metallurgical compatibility of the diffusion sink with the base material and
braze alloy,

2. Potential remelt temperature increase.

3. The quantity of diffusion sink powder that could be placed at fillet areas
without inhibiting braze alloy filleting and flow.

The most logical diffusion sinks for the above systems are the refractory metals
W, Ta, Cb, and Mo, All of these elements are compatible with Mo, However, W can be
eliminated because aof its brittle behavior and lack of compatibility with titanium.
Tantalum is promising because it exhibits a high melting temperature, good ductility
and high density., High density is advantageous in permitting larger sink additions
to the fillets on a weight percentage basis,

The Ta, Mo, and Cb binary phase diagrams with titanium indicate that Ta and Mo
offered the greatest potential for increasing the remelt temperature of pure Ti. How-
ever, it is difficult to predict remelt potential and phase relationships in the
multi-component systems represented by the braze alloy-diffusion sink systems. A
major unknown was the quantity of diffusion sink powder that can be placed at fillets
without impeding braze alloy flow, In view of these complex considerations it ap-
peared that selection of optimum diffusion sinks required detailed experimental ef-
fort,

Tantalum Braze Systems

Phase diagram data28:29,30,31 ghow that W, Mo, and Cb are compatible with Ta
based on a criterion of complete solid solubility, The elements Ti, V, Zr, and Hf
are compatible with Ta at high temperatures but the systems show solid state trans-
formations over broad composition ranges at lower tempetratures, The transformation
in the Ti-Ta system is the allotropic titanium transformation which is not expected
to cause embrittlement. However, the transformations in the V, Zr, and Hf binaries
with Ta could cause embrittlement. It has been reportedl8 that a Zr-34 Ta alloy is
brittle in the as-cast condition,

The elements W, Ta, Mo, Cb, and Hf appear applicable as conventional braze alloy
matrices for 3500F service. However, W and Mo was eliminated because of their limited
ductility, Hafnium was eliminated because it is not compatible with tantalum coatings.
Thus Cb and Ta offered the greatest potential as braze alloy matrices,
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A review of phase diagram data indicated that Ti and V are the most promising
melting temperature depressants for Cb and Ta., Ttwas reported that Ta-base alloys
with Ti and V are somewhat difficult to arc-melt due to excessive volatilization of
the solute elements.l® Since Cb melts at a much lower temperature than Ta, Cb-base
alloys with Ti and V appeared more promising. In addition, some data was available
on ductility and melting temperatures of these alloy systems,lO

The Ta-B and Cb-B systems also appeared promising for conventional brazing. The
published phase diagram for the Ch-B system30 shows a eutectic at approximately 2950F
and 2.2 percent B. Data by Young and JoneslO indicate that the eutectic temperature
is approximately 3800F - 4000F, 1t was also noted that Cb-B alloys containing up to
2.2 percent B are ductile. TIf this data is correct, the Cb-B system offers promise
for conventional brazing.

The published Ta-B phase diagram30 shows a eutectic at approximately 3300F and
1.3 percent B, One would expect the Ta-B eutectic to melt at a higher temperature
than the Cb-B eutectic. Therefore, if the data on the Cb-B system by Young and Jones
are correct, the accuracy of the Ta-B phase diagram may be questionable. Tt appeared
that some experimental evaluation of these systems was necessary to establish melting
temperatures, If the melting temperature is above 3700F, the systems offered excellent
potential for conventional brazing. If the temperatures reported in the published
phase diagrams are correct, these systems may offer promise for diffusion sink brazing
at lower temperatures.

Titanium, V, and Zr were found to offer the most promise as braze alloy matrices
for diffusion sink brazing below 3200F. A revised diagram of the Ta-Zr system37 showed
that Ta exhibits a very mild effect on the melting temperature of Zr, Therefore, Zr
was eliminated as a braze alloy matrix, The applicability of V as a matrix was ques-
tionable due to possible embrittlement by formation of TaVs. Thus, Ti was judged to
be the most promising matrix for diffusion sink braze alloys,

The most premising melting point depressants for Ti are V, Zr, Cr, Fe, Si and Mn.
Only V and Zr are completely compatible with Ti, Manganese was eliminated because it
was similar in behavior to Fe but not as potent a depressant.

The binaries Ti-30V and Ti-40Zr represent the minimum melting temperatures in
these systems and exhibit good potential as basic braze alloys. However, ternary
alloy additions to Ti-30V are considered necessary to improve filleting and flow.
These additions will reduce the melting temperature further.

The Ti-V-8i system appeared promising particularly from the standpeoint of improwved
filleting and flow, The estimated liquidus temperatures for the Ti-V-5i system are
shown in a portion of Figure A4, These data show that Si will depress the melting
temperature of the Ti-V system,

Binary phase diagram data show that Fe is a good melting temperature depressant
for Ti and a fair depressant for V. 1In addition, V exhibits reasonably high solid
solubility for Fe. Thus, the Ti-V-Fe system was attractive for lowering the melting
temperature of the Ti-V system, The influence of Fe in filleting and flow of the
Ti-V system was unknown. However, it is possible that Fe could improve alloy behavior.

The Zr-V-Ti system discussed previously for brazing molybdenum also offered
potential for brazing tantalum. This system had possibilities for reactive as well
as diffusion sink brazing using the principles discussed earlier. Information ob-
tained on the binary phase diagrams of Cb and Ta with iridium, rhodium, platinum and
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palladium38 show potential alloys with melting temperatures of approximately 3300F or
lower, However, the diagrams show that Cb or Ta diffusion sink additions within
relatively broad ranges result in sigma phase formation and embrittlement, Therefore,
these systems offered limited potential as braze alloys,

The Ta-B and Cb-B systems discussed in relation to conventional braze alloys
offered possibilities for diffusion sink brazing., Determination of melting temperatures
in these systems was necessary to confirm their applicability,

The selection of optimum diffusion sinks for tantalum is subject to the same
considerations mentioned previously for molybdenum. The diffusion sink remelt poten-
tial of the Ti-Zr-V system was estimated for Cb and Ta sink additions. The estimated
ternary liquidus surfaces of the Ti-Zr-V-Cb and Ti-Zr-V-Ta quaternary tetrahedrons
were estimated and projected on a plane., The results are shown in Figures A5 and A6.

From these figures it can be seen that small diffusion sink additions of Ta or
Cb to the Ti-Zr-V ternary produce relatively mild increases in remelt temperature.
However, larger additions could produce proportionally greater increases.

Portions of Figures A5 and A6 show similar trends for Cb and Ta additions to the

Ti-Zr and Ti-V systems. The estimated liquidus temperatures for the Ti-V-Si-Ta
system shown in Figure A4 also exhibit this trend,

RESUME 'OF SURVEY

On the basis of the extensive literature survey, experience and limited experi-
mental data the following highlights were noted with regard to refractory alloy brazing
prior to the initiation of this program,

!. Brazing temperatures for TZM honeycomb panels should be limited to 2400F
{1l minute exposure) to retain optimum base metal ductility.

2, Brazing temperatures as high as 2600F (1 minute exposure) for TZM honeycomb
panels may result in acceptable base metal ductility.

3. Conventional brazing of TZM does not produce ductile honeycomb panels for
service to 3000F.

4. Tantalum alloys are not seriously embrittled by high temperature exposures,
Therefore, conventional brazing for service to 3500F is metallurgically
acceptable,

5. Brazipg fillers for molybdenum and tantalum alloys should be based on alloys
exhibiting solid solubility in the base metal to assure joint ductility
and metallurgical compatibility,

6, Diffusion sink and reactive brazing are the most promising methods for braz-
ing molybdenum and tantalum alloys to develop high remelt temperatures and
thus high service temperatures.

7. No reasonably suitable braze fillers for molybdenum and tantalum alloys have
been developed to date for the service temperatures considered in this pro-

gram,

8, In general Ti-base alloys offer the greatest potential for brazing TZM.
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9. The following allov systems appear most promising for molybdenum braze
alloy development:

Ti-Co Ti-Cr
Ti-Ni Ti-Ni-Si
Ti-Co-Cr

Ti-Ni-Cr Ti-Zr-v
Ti-Fe-Cr Zr-V-Cb

10, The most promising diffusion sink elements are Ta, Cb, and Mo.

11. The following alloy systems offer the greatest potential for conventional
brazing of tantalum:

Ch-V Ta-B
Cb-Ti Cbh-B

12, The following alloy systems offer the greatest potential for high remelt
temperature brazing of tantalum.

Ti-Zr Ti-V-Fe-(Cb,Ta, or Mo}
Ti-V-Si Ti-V-S5i-(Cb,Ta, or Mo)
Ti-V-Fe Ti-Zr- (Cb,Ta, or Mo}
Zr-vV-Ti

Ta-B

Cb-B

i
L
&
t
L

13. Several promising high temperature coatings are available for base metal
protection of TZM and Ta-10W alloys.

l4, Coating/braze alloy compatibility problems may exist for titanium base
braze alloys on TZM using pack cementation type coatings.

15, No data on coating/braze alloy compatibility on Ta base alloys was found.

f;
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APPENDIX B

TZM DIFFUSION TREATMENT CALCULATIONS

CALCULATION OF THERMAL EXPOSURES FOR 2050F DIFFUSTON TEMPERATURE

Assume:
(1) A maximum total exposure, K , of 85,000,

(2) A prior braze cycle of one minute at 2400F,

K = Maximum total exposure parameter
Ky = Exposure parameter for braze cycle
Tg = Brazing temperature in ©R

Ty = Diffusion temperature in °R

tg = Brazing time in minutes

Determination of Kg:

Kg = Tg(29 + log tg)

5
k

i

Kp 2860 (29 + log 1)

Kp = 82,900

Equivalence of Braze Cycle to Time at 2050F:

Kg = Tp(29 + log t)

82,900 = 2510 (29 + log t)

Caa

log t = 4,0279
t = 10,560 minutes = 176 hours
therefore; one minute at 2400F - 176 hours at 2050F

Equivalence of Total Exposure to time at 2050F

K = Tp(29 + log t}
85,000 - 2510 (29 + log t)
log £ - 4,865

t = 73,380 minutes - 1220 hours

Therefore, after a braze cycle of one minute at 2400F, a diffusion treatment of as
long as 1,044 hours at 2050F may be employved.

re=
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CALCULATION OF BRAZE ALLOY-BASE METAL DIFFUSION FOR A FIXED DIFFUSTON TREATMENT

Determine the point at which a 50 percent Mo-50 percent Ti alloy will form through
a planar interface between pure Mo and pure Ti after a specific diffusion eycle.

1. Assume a maximum total thermal exposure (braze cycle plus diffusion treatment)
of 85,000 for the TZM,

2, Assume a diffusion temperature of 2165F,

3. From Figure 2, the allowable diffusion time at 2165F is 35 hours.
Let: Co = initial Mo concentration in Ti = 0 percent

Cs = concentration of Mo at Ti surface = lQQZ_%_éQZ = 75%
concentration of Mo in Ti at position (x) at time (t) = 50%

x = distance in centimeters

D = diffusivity constant, cm?
sec,

t = time, seconds

C-Cs . 2 f)\e—kzd;\ *
Co-Cs ]
0

I

Where A= X
2 /Dt

C-Cs = 50% - 75% = .333
Co-Cs 0% - 75%

Substituting .333 into the preceding integral and solving yields A = .3
x = 2 AV Dt
* %

According to the data of D. Goold , at 2165F

2
D= 2.1 x10°2 88 | ¢ = 35 hrs. = 126 % 103 sec.
secC

2 x .34/ 2.1 x 109 ,126 x 103

X

1

X 9,78 x 10-3 cm.

I

Therefore, after a 35-hour diffusion treatment at 2165F, the depth of diffusion to a
50Mo-50Ti composition is 9.78 x 10-3 cm.

* Reference 1

*%* Reference 2
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An analysis of the braze alloys evaluated on TZM tee joints is present in this
Appendix along with hardness and photomicrographs., The two microhardness curves for
each tee represent (1) a traverse alcng the foil center line from above the fillet ex-
tending into the face sheet and (2) a traverse approximately 0,003 inch above and para-
llel to the fact sheet fillet interface.

Figures Cl and C2 show results obtained on the 46Zr-34V-20Ti diffusion sink braze
alloy with and without Ta sink powder additions, These results may be summarized as
follows:

1. Only partial braze alloy-sink powder reaction was noted in the as-brazed
condition. More complete reaction occurred during diffusion,

2. Ta sink powder additions produced a substantial increase in fillet hardness
during the diffusion treatment.

3. Diffusion treated joints with and without sink powder showed relatively
little braze fillet-base metal diffusion,

A reactive brazing approach was also investigated using 46Zr-34V-20Ti with carbon
powder additions, This approach involved reaction of carbon with the braze alloy to
form discrete high melting carbide particles, Powder additions of Mo plus C were also
investigated as a combination of reactive and diffusion sink brazing. The results,
shown in Figures C3 and C4, are summarized as follows:

1. A maximum of 1.67 weight percent carbon or 9,5 percent Mo plus .5 percent
carbon could be placed in the joints. Higher additicns seriously impeded
braze alloy filleting and flow.

2. These carbon additions were theoretically too low to produce necessary amounts
of carbides to realize desired remelt temperatures.

3. Erratic braze alloy filleting was produced by these sink powder additions,
The fillets were also weak and easily fractured during metallographic mounting

in bakelite.

4, The as-brazed joint containing 1.67 percent carbon showed initiation of dis-
crete carbide particle formation.

5. Substantial segregation was observed in as-brazed and diffused joints con-
taining the Mo plus C sink mixture.

6. Diffusion treatment produced little change in fillet microstructures
and minimal fillet-base metal diffusion,

Results obtained with Ti-8Ni-7Si are shown in Figures C5 and C6 and summarized
as follows:

1. The diffusion temperature was above the solidus temperature of the fillet
without sink powder causing partial fillet melting and run-off.

2, DNo fillet melting was observed in the joint containing Mo sink powder. Thus,
sink powder raised the fillet solidus above the diffusion temperature,
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Diffusion treatment of tees with and without sink showed significant fillet-
base metal diffusion. However, the degree of diffusion appears insufficient
to develop high remelt temperature due to a continuous low melting phase re-
maining between the foil and base sheet.

Results obtained with Ti-25Cr-10Ni are shown in Figures C7 and C8, and summarized
as follows:

1.

2.

The diffusion treatment produced a substantial single phase solid solution
fillet-base metal diffusion zone in joints with and without sink powder,

The degree of diffusion appeared sufficient to produce a significant remelt
temperature increase,

Results obtained with 33Zr-34Ti-33V are shown in Figures C9 and C10. This
higher melting braze alloy was selected on a criterion of almost complete foil recrys-
tallization, but no appreciable sheet recrystallization.

1,

The one-minute braze cyele at 2580F produced complete foil recrystallization
and unacceptable embrittlement. However, the face sheet exhibited minimal
recrystallization and acceptable ductility.

The diffusion treatment produced little fillet-base metal diffusion in the
joints with and without Ta sink powder.

117



qazZvydd Sv -

O%H %0S ‘tonH %5°21 “70sCH %521 “aH %S¢

0%y *Twoor ‘9(np)eaby cwSpg ‘HO®BN w301 :INVHOLI TVINILVA ASVd

"NIW T - 402%Z SFTDAD AZV¥d
¢-01 X SEHONI ~ HONVISIQ
14 01 8 9 ¥ 4 0
~r—TTrTrTrrTr T T T 051
—osz =
e B:
® I; 2
4 ose
w
- ]
—osy &
=z
Joge
NI - SSINQIVH
01 0sz 0SE oy  ogg JNIS O Z0T ¢ AOTTV @Zvig 0
oOFT T T®T T 7T 1 : 0
N
Sz 22
o [47]
»-d -
A ¢ 2
& v} =
] | ’
-4 -
& 9F g 9
= o
2 F &
¢ >
= T 5 ®
S &
o1} o1
-
il ﬂm z1
- V-£ 1K
S & G 5 & G - O - -

TNOT-1DGZ-TL HLIM QdZvid SINIOLC d31l WZL

LD JaNd1d

TINVHOLA AOTIV dZvdd

X 0S¢ "OVKW

TNIW 1 d0¢we $ATOAD AZVYH

01 X SJFHONI =~ 3DNVISIA

m'
4! 01 8 9 i 4 0
~TrrrrTr T T T T T 081
—
178
Z
\ —ose &
[4)]
= ¥
o5y &
4
—e
-1 06S
et
NHA ~ SSINAIVH oy
S1 0z 0S€ osh 0SS ANOTV AOTIV dZWVHY
—v T T T T T 1 e e i
L R e
ﬁl — — = lII....zil
n ; .
» _ |
| ,
- \
g nl
~ ' )
_ !
B _ ]
- s
a i
o M !
ol
1=



A0%0Z IV S¥H 0Z qasSndA1d - INOT-3DSC-11L HLIM (dZvVdd SINIOL HAL WZI 80 JNOIA

O%H 46 ‘YONH 7 ‘4H 1
O%H "Twool ‘9(nD)oaéy ‘wdog ‘Hoen ‘wdo}

"NIW T - JOghz *dTOAD IZvid
_0T X SHHONI = HONVISIA

CINVHOLE AOTTV HZVYE
INVHOLH TVIVILVIW ISVL

X 0SC "OVH

"NIW T - 40%%¢ $dTDAD FZViY

0T X SFHONI - HJONVISId

€ -
2ol 8 9 y z 0 4 SR ) S 9 y z 0
(e S e HEE SN S ua mme o o e s um LUR T T 0s1
\
° —ost —osz =
- -
g S
7 0s€ 0S¢ &
wn \ wn
L e Lo
—osv & —osy &
-4 =z
o/oll N
Joge Jdoss
=
NI - SSANQIVH NI = SSANTIVH G
1S OW %01 * AOTIV JdZVYd d
0s1 0sZ 0s€ Osh ogs MNIS A 0c1  ocz  ose osh ogc  ANOTY ROTIV HZV
OF—T—T7 T 1 orrT—TTrTr—TT T
b aud -
m A - m cr 3 -
[72] wn
= | : [
8 7k 8 oF —= ez s
[} 4 ] =
- -
g 9 g s
& &
>
ol o = 8
o o
Lo L
o otf-
@]
= -
A4S 4 Lg
2a-0-€1H 1=

al -G & D & & - = =

&) & -G &) & =N G T - =



QazZvdd SV - AEE-TL¥%E-1Z¢€ HIIM IZVYd SINIOL FIL WZI 6D dJ4NOId

120

O%H %0S “CONH %S°'Z1 “7OSCH %S Tl “dH %S¢ :INVHOLE A0TIV HdZVdd X 0SZ ‘9VK
oCH "TwQO0l ‘9(ND)2afy ‘w3pg ‘HoBN "W QT :INVHOLA TVIYALYW ASVY
"NIW 1 - 408Gz  :dTOAD IZVd "NIWN T - J08ST $dTDAD dAZVIH
¢-OT X STHONI - AONVISIA ¢-OT X SHEHONI - FONVISIC
[4 ! 01 8 9 ki 4 0 (4 01 8 9 Ki 4 0
~rTrTTTTTT T T 01 T T T T T T T T 081
—osz m L 0s? m
4 5 1 &
2z 2z
—Hose —ose &
w0 wn
- , l 1
—1os% & —osH &
_ =z _ 4
el 199 ~ 08¢
NI - SSANQUVH NIDI - SSANQIVH
0S1 0se 0S¢ 0oSH 0SS JANIS BL %ST + AQTIV dZVyd 0S1 0S¢ 0S€ osYy 0SS INOTV AOTIV JZVdd
O T 1 T T T 1 0 TT T T T : :
o 9 |
A = [
m Y m Y
[} ' -
S | 5
3 9} g 9}k
= =
= L 5}
>4 »<
- 8 T - 8
o o
L} - [} -
w w
otf o1}
u n
1% = cI-=
*S o
= e

G G G G o G @ & - oo o G & = O - A wud =B



40%0¢ 1V SYNOH 0T QdSNJAIA - ACE-TILPE-IZEE HLIM QIZv¥d INIOL AIL WZI 01D MNOIA

121

0CH L6 ‘tONH Z ‘aH 1 D INVHOLE AOTIV IZvid S —
o%H *TwooT ‘9(ND)24%y *wBpg ‘HOBN W8T :INVHOLI TVYINALVH dISvd
NIW 1 - 10862 :dATDAD dAZvVHd "NIW T - 408ST $ITOAD IAZViL
m-oH X SHHONI - JONVISIA ¢-01X mmmowﬂ - mwzﬁ.mHm
C1 01 8 9 ki [4 0 ¢l 01 o] 0
T Tr T T T T T T 081 T T T T T T T T T T 051
o ] ]
—osz —~0SZ
4z 1 E
= 2
m [513% ~os¢ &
w wn
— , - 1
e sz akad:
4 'z
—e b —_ =
—og¢s p 0SS
N - SSIN@IVH NHX = SSIANMEVH T
MNIS ®BL %61 + AOTIV dZVHd ANOTY AOTIV TZWVid
0s1 0S¢ 0s¢e 0sYy 0SS o - %3 0s¢ ([ oshH
o I S B BRSO 1 o
» men - = - e -
" T e o L
3 " - B~ e a_. oy = -
Z d/o e e — M v D W vE
m #\ B 3 \Jn. ...»\‘r,.‘.m. hny > 4 ; ”nu
' A At \n.'J. - . p \ 3 T
= . n,ﬁ- .h \ u - . p e % —
=2 oL /”.1,4.._,,% % il \,.w,m wduu, - z o}
Q LR e - Joa) o
x .MJ...!.- - e t.(. i LN £ i 7} 1 -
5 F ﬂwmm.i e il 2 W PP 0
= ok Y LRIt L N S SRR -] o
= 8 st A [y T S
| Mo o Py ) it/ ¥ [ =
r-lv fm,{m\f m,,.n, m, -, i - m |J___s n_.._Vﬂu EO.H i
()4 o N.#NJM.H. S -uﬁ . = . 1_ L4IK/|.“ H\ o .
- R AT ke h/ro_ , -
rA | S -a,r_. .,,._..f\.\ ~ .y / : Z1L
.awm Za-0-61 Z2a-0-€N
—

Gl T & @ - - O o B E D B G e B B =



122



N o L o L o o o o o N R

An analysis of the braze alloys evaluated on Ta-1l0W tee joints is presented in
this Appendix along with hardness and photomicrographs. The two microhardness curves
for each tee represents (1) a traverse along the foil centerline from above the fillet
extending into the face sheet and (2) a traverse approximately 0.003 inch above and
parallel to the face sheet-fillet interface,.

The results obtained with the Cb- 26V alloy are shown in Flgure D! and summarized
as follows:

1,

The as~-brazed structure obtained with Cb-26V shows little braze alloy-hase
metal interaction., After a one hour exposure at 3500F, significant fillet-
base metal diffusion was observed. However, this effect was not necessarily
harmful.

Both as-brazed and thermally exposed joints showed the braze alloy, base
metal, and the1r interactions to be solid scolutions.

Fillet hardness was higher than observed in other systems., This was reflected
in somewhat lower but acceptable joint duetility.

Results obtained with D36 are shown in Figure D2 and summarized as follows:

1,

The as-brazed joint exhibited more braze alloy-base metal interaction than
obtained with Cb-26V. However, less fillet-base metal diffusion was observed
after one hour at 3500F,

The as-brazed fillet contained a dark-etching second phase which increased
in quantity during thermal exposure.

Joint ductility was good in the as-brazed and thermally exposed conditions,
joints brazed with Cb-1.8B are shown in Figure D3. Results are summarized
The as-brazed fillet showed boron depletion adjacent to the base metal inter-
faces, The boron diffused into the base metal.

Boron diffusion into the base metal produced a Ta-B compound on the base
metal side of the base metal-fillet interfaces.

During thermal exposure, the quantity and continuity of the Ta-B compound
increased.

The high hardness, lack of ductility, and distribution of the Ta-B
compound caused poor jeint ductility in the as-brazed and thermally exposed
conditions,

Results obtained with Cb-1.3B are shown in Figure D4 and summarized as follows:

L.

Reduction in boron content of the braze alloy eliminated the brittle Ta-B
interface compound, resulting in ductile joints both in the as-brazed and
thermally exposed conditions,

The as-brazed structure shows that boron rapidly diffused into the base

material, Discontinuous borides were cbserved in base metal graln boundaries
and as a Widmanstatten structure within the grains,
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3. During the exposure at 3500F, the borides apparently dissolved in the base
metal, No grain boundary borides or Widmanstatten structure remained.

Figures D5 and D6 show results obtained with Ti-28Zr-15Mo-10Ta with and without
tantalum sink powder. The joint brazed with no sink powder and diffused 10 hours at
2850F shows sufficient fillet-base metal diffusion to indicate remelt potential. How-
ever, joints with and without sink powder exhibited formation of additional phases and
high fillet hardnesses after diffusion. It is doubtful that these joints would possess
adequate ductility. Therefore, no further effort was devoted to this system,

Results obtained with Ti-21.5V-1,551-25Ta are shown in Figures D7 and D8, As-
brazed joints with and without sink powder show a eutectic structure in the fillets,
Both as-brazed and diffused joints exhibited a trend toward increased hardness with
diffusion in joints with and without sink powder., However, some loss of fillets by
melting and/or evaporation occurred during the diffusion treatment,

Results obtained with the Ti-27V-7Fe system are shown in Figures D9 and D10,
A diffusion treatment of 85 hours at 2050F produced substantial fillet-base metal
diffusion. Sufficient diffusion was observed in the joint without sink powder to
indicate remelt potential. A continuous phase also formed in the base metal at the
base metal-braze alloy interfaces. However, the diffusion treatment produced a sub-
stantial increase in fillet hardness. Microstructures of tee joints brazed with
33Zr-34Ti-33V are shown in Figures D11 and D12. The 40 hour diffusion treatment at
2130F produced substantial fillet-base metal diffusion in joints with and without
Ta sink powder. However, the diffused microstructures showed that somewhat greater
diffusion would be required to develop high remelt temperatures., In addition, the
diffused joint containing Ta sink powder showed a significant increase in hardness
over the diffused joint with braze alloy alone.

The 33Zr-34Ti-33V braze alloy exhibited a solidus of approximately 2200F which
was the limiting diffusion treating temperature to prevent fillet run-off. Very long
diffusion times would have been necessary at this temperature. It was found that
holding 15 minutes at the braze temperature (2600F) produced sufficient diffusion to
raise the solidus above 2400F. Figure D13 shows the structure of a tee (honeycomb)
fillet after this braze cycle and a stepped diffusion treatment of 20 hours at 2400F
plus 44 hours at 2500F plus 24 hours at 2600F. This treatment produced complete al-
loying between the fillet and Ta-10W foil.

The 46Zr-34V-20Ti alloy was not evaluated extensively because results were similar
to those observed with 33Zr-34T{i-33V, In addition, the low liquidus temperature re-
quired long impractical diffusion treatments to produce desired remelt temperatures.

Figure D14 shows as-brazed results obtained with Ti-29V-25i, These microstruc-

tures show a eutectic phase and, in general, appear quite similar to the as-brazed
Ti-21,5V-1.551-25Ta microstructures of Figure D7.
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