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ABSTRACT

Theobjectives of this programwereas follows:

• To study the solid state welding of six dissimilar alloy combinations

by press and roll diffusion welding and to establish the influence
of major processing variables upon diffusion phenomena.

2. To determine the characteristics of diffusion welded joints between
the six dissimilar metal combinations.

The influence of the primary diffusion parameters (time, temperature and pressure)

and of the process variables (surface preparation, atmosphere and diffusion aid
materials) were studied on the following six diffusion couples:

1. 2219 aluminum alloy to 321 stainless steel

2. 7106 aluminum alloy to 321 stainless steel

3. 2219 aluminum alloy to Ti-5AI-2.5Sn titanium alloy

4. 321 stainless steel to Ti-8AI-1Mo-IV titanium alloy

5. 321 stainless steel to Inconel 718 alloy

60 Inconel 600 to Ti-8AI-1Mo-IV titanium alloy

Metallurgical analyses were performed to follow element migration, to identify

the compositions of the diffusion zones, and to determine the influence of thickness
and hardness of the diffusion zones on the properties of the joint. Additional studies
were made on the effect of material condition (heat treatment and strain hardening)

on diffusion welding. The most promising diffusion welding techniques were further

identified by metallurgical evaluation, mechanical and thermal shock testing, leak
testing, and by corrosion studies.

The joining techniques which were determined to be the most promising were further
analyzed by a theoretical projection of the diffusion welding process for production

applications.
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INTRODUCTION

Thedesignof componentsand systemsfor aerospacevehicles often requiresthe
joining of dissimilar metalsto meet the environmentalconditions and the high
performancerequirementsof the vehicle. Dissimilarmetals joining is normally
performedby mechanicalmethodsbecauseof the difficulties in obtaining
metallurgically satisfactory joints by fusionwelding or brazing. However,
mechanicalfastenersincreasejoint weight andpresentproblemsin maintaining
a pressure-tight joint. Therefore, this researchprogramwasundertakento
studysolid state joining by the diffusion welding methodfor six commonlyused
dissimilar metal combinations.

Thedevelopmentof designand processingdatanecessaryto permit adaptation
of a new joining methodfor useon complexstructural systemsrequiresan approach
that will ensureintegrity and reliability. Thistype of approachrequiresthe
developmentof (1) a basicunderstandingof the method, (2) practical processing
controls for adaptation to production, and (3) property data obtained under
simulatedservice conditions. Thisprogramwasconcentratedon the first item
(i .e., basic understandingof solid-state weldlng), with sufficient fabrication
and property data to evaluate the last two items.

Thesix dissimilar metal combinationsselectedfor investigation were asfollows:

1. 2219aluminumalloy to 321stainlesssteel

2. 7106aluminumalloy to 321 stainlesssteel

3. 2219aluminumalloy to Ti-5AI-2.SSn titanium alloy

4. 321stainlesssteel to Ti-8AI-1Mo-IV titanium alloy

5. 321stainlesssteel to Inconel 718alloy

6o Inconel 600 to Ti-8AI-1Mo-IV TitaniumAlloy

Thesecombinationswere investigatedby the pressand roll welding methodsto
determine the natureand extent of diffusion welding obtainable and to establish
the influence of the major processingvariablesupondiffusion mechanisms.

Theprogramwasconducted in six major phases:

I. Surveyof Diffusion Welding

II. Diffusion Welding by the PressMethod

III. Effect of Material Condition on DiffusionWelding



IV. Diffusion Welding by the Roll Method

V. Joint Evaluation

VI. Projection of Diffusion Welding Applications

Phase I consisted of a comprehensive state-of-the-art survey with emphasis placed
on review of the press and roll welding methods. In Phase II, the effect of time,

temperature and pressure on the diffusion welding of bare metal couples and couples
with diffusion aids was investigated. In addition, the effect of air, argon and
vacuum environments were determined. This phase included comprehensive metal-

lurgical analysis of the diffusion zones. The effect of heat treatment and prior
strain hardening on diffusion welding characteristics were evaluated in Phase III.
In Phase IV, roll welding was conducted on the six metal couples. However, the

roll welding studies were more limited in scope and emphasis was placed on the

study of diffusion phenomena and comparison of results obtained for the press method.
Joint evaluation, including helium-leak, mechanical and corrosion testing, was

conducted in Phase V on the most promising press and roll welding processes. Based

upon the results of the foregoing phases, a theoretical projection was made to
determine how the processes developed can be adapted to production applications.

The results of the program are presented in the order of the above phases, except
for inclusion of an "Evaluation Procedure" section prior to Phase I.



CONCLUSIONS

o

,

,

.

.

.

.

o

Diffusion mechanism studies of the six dissimilar metal combinations have

achieved (1) significant advances in the understanding of diffusion character-

istics and intermediate phase formation of the couples studied and (2) advances
in techniques for metallurgical analysis of diffusion couples.

Temperature was the most influential of the primary diffusion parameters (time,
temperature and pressure) in producing solid state diffusion of the dissimilar
metal combinations.

Pressure was the least influential diffusion parameter_ pressure greater than
that required for intimate contact did not have a measurable effect on diffusion.

Metallurgically sound diffusion welds of excellent strength and toughness can
be developed in the bare condition for the 321 stainless steel to Inconel 718
couple.

Diffusion welds of acceptable strength and ductility can be obtained in the

bare condition with the aluminum alloy to stainless steel or titanium alloy

couples provided critical parametric control and welding temperatures to 950°F
are used.

Formation of brittle phases was the principal barrier to realizing high quality
diffusion welds in the Ti-8AI-1Mo-IV to Inconel 600 and 321 stainless steel
bare metal couples.

Acceptable joint peel strength and metallurgical characteristics can be obtained

for all six dissimilar parent metal couples by using various diffusion aids. The

major advantages of using diffusion aids were (1) lower welding temperature
could be used, (2) the formation of detrimental intermediate phases could be

controlled or prevented, and (3) greater tolerance of the diffusion parameters
of time, pressure and temperature.

Silver electroplating produced the best overall joint characteristics when used

as a diffusion aid in all couples except the Inconel 718 to 321 stainless steel,
where nickel electroplate was the best. Silver is an excellent diffusion aid

due to its inability to form a stable oxide (low negative free energy of formation)
and therefore presents no surface barrier in air to the diffusion process at the
selected welding temperatures.

In general, welding in air produced erratic diffusi6n weld quality in all but the

silver-electroplated joints. Welding in argon produced weld strength, joint
ductility and metallurgical characteristics which are comparable to those ob-

tained under vacuum. Welding in a vacuum, however, completely eliminated
any joint surface contamination during welding.

3



10.

11.

12.

13.

14.

15.

16.

Some form of joint surface preparation was necessary for consistent, reliable
welds. Chemical cleaning was the most acceptable method for bare couples,

except for the 2219 aluminum alloy to TI-SAI-2.5Sn couples for which light

abrasive cleaning was preferred. Abrasive cleaning was the most acceptable

method for joints with diffusion aids.

Strain hardening up to 65 percent reduction in sheet cross-sectlons prior to
diffusion welding did not result in any measurable process or metallurgical

difference in the diffusion zone width or weld quality when compared to

welds in unstrained sheet material of the same alloy.

Diffusion welds made using Inconel 718 in the age-hardened condition

exhibited similar strength and the same type of diffusion zone when com-

pared to welds made in the annealed material.

The press method is adaptable to a greater variety of structural configurations
than roll welding. However roll welding offers the advantages of (1) shorter

diffusion times and (2) lower welding temperatures.

Based upon corrosion testing, all roll welded specimens appear resistant to a
high humidity environment. All press welded specimens (except Inconel 718

to 321 stainless steel) appear to be somewhat susceptible to corrosion in a

high humidity environment.

The consistency and strength of single lap joint shear tests for bare metal

couples was, in general, good from room temperature to 800°F. For couples
containing silver electroplated diffusion aids, shear strengths were acceptable

and consistent from -423°F to approximately 300°F.

Numerous potential applications of the dissimilar metal joining methods

developed in this program are anticipated for future aerospace structures,
e.g., in fabrication of cryogenic propulsion and storage systems.

4



EXPERIMENTALPROCEDURE

Thefollowing describesthe material selection, surfacepreparation, electro-
plating procedure,welding procedureand evaluation technique usedonall
experimentalwork conducted in this program.

MATERIAL SELECTION

SHEET MATERIALS

The following seven materials, selected for joining in this program, were pro-
cured in the following heat treat condition and thickness:

1. 2219 aluminum alloy - solution treated and aged (-T6) - 0.058" thick

2. 7106 aluminum alloy - solution treated and aged (-T63) - 0.060" thick

3. 321 stainless steel - annealed - 0.081" thick

4. Ti-5AI-2.5Sn titanium alloy - annealed - 0.056" thick

5. Ti-8AI-1Mo-IV titanium alloy - duplex annealed - 0.059" thick

6. Inconel 600 alloy - annealed - 0.060" thick

7. Inconel 718 alloy - annealed - 0.060" thick

Nominal chemical composition of the selected alloys are shown in Table I. The
melting temperatures and thermal treatments are shown in Table II. The hardness

of the alloys are shown in Table III and the thermal expansion characteristics are
listed in Table IV and are shown graphically in Figure 1. The microstructure of

the alloys in the above conditions are shown in Figures 2 through 8. This

reference information was used to establish testing parameters and to aid in
evaluating program results.

All work was conducted with the sheet materials in the foregoing conditions
except for the following:

1. Inconel 718 was also welded in the solution treated and aged condition.

. Several of the alloys were welded in the strain hardened condition. The

material was prepared by cold rolling to gage reductions which varied from
10 to 70 percent.



FOIL MATERIALS

Basedon the resultsof the diffusion welding surveyconductedin PhaseI (Appendix
A) the following commerciallypure metal foils and thicknesseswere selectedfor
diffusion aid studiesdiscussedin this program:

1. Gold (0.001")

2. Silver (0.001")

3. Copper(0.001")

4. Nickel (0.001")

5. Titanium (0.001")

6. Iron (0.001")

7. Vanadium(0.002")

8. Aluminum(0.005")

All the foregoing foils were usedfor diffusion aids in the as-received condition
(without annealing or cleaning) with the exception of the copperand aluminum
foils which were cleaned asdescribedin the following section.

SURFACE PREPARATION

The various surface preparations used in the welding program are as described
below:

SHEET MATERIAL

The seven sheet materials were welded (1) in the bare condition, (2) in the
chemically cleaned and (3) in the abrasively cleaned conditions. Chemical

cleaning was performed using the solutions shown in Appendix B. The material
was welded within 6 hours after cleaning. Abrasively cleaned material was

prepared by taking material which had been previously chemically cleaned,

followed by sanding with 80 grit sandpaper and wiping with acetone. Abrasively
cleaned material was welded within 2 hours after cleaning.

The sheet materials were also welded with polished surfaces and with surfaces
having a 1000 RHR finish. Polished surfaces were prepared on metallurgical

polishing equipment using 0.25 micron diamond paste followed by solvent
cleaning. The 1000 RHR finish was produced by milling with a fly cutter and

followed by solvent cleaning. The polished and machined surfaces were welded

within 24 hours after surface preparation.

6



FOIL MATERIAL

The foil materials were all used in the as-received condition except for copper

and aluminum. These two metals were deoxidized using nitric acid for copper
and nitric-hydrofluoric acid solution for aluminum as outlined in Appendix B.

ELECTROPLATI NG

All seven sheet materials were electroplated with various metals for the diffusion
aid studies. The laying surfaces of each material in the weld combination were

electroplated. Prior to welding, the plated surfaces were lightly sanded and
wiped with acetone. The sheet alloys were plated with the metals as follows:

1. 2219 aluminum alloy - copper, silver

2. 7106 aluminum alloy - copper, silver

3. 321 stainless steel - copper, silver, nickel

4. TI-5AI-2.5Sn alloy - copper, silver

5. Ti-8AI-1Mo-IV alloy - copper, silver

6. Inconel 600 alloy - copper, silver

7. lnconel 718 alloy - silver, nickel

The aluminum alloys and the titanium alloys had the copper and silver electro-
plated on with the sheet material both in the bare condition and with anodized

surfaces. Complete electroplatlng processing for all materials is given in
Appendix C.

WELD PROCEDURE AND JOINT EVALUATION

The following describes the procedures used for welding and joint evaluation in
this program.

PRESS WELDING

Press welding was conducted using the following equipment:

• Welding requiring a high temperature inert or air atmosphere was conducted
in a 15,000 pound press located within an air atmosphere furnace having a

1900°F maximum operating temperature. When welding required an inert
atmosphere, retorts were used in this facility as shown in Figure 9.

7



. Welding requiring a vacuum environment was conducted in a 40,000 pound
press located in a cold wall vacuum chamber. Heating of the specimen was

accomplished using strip heaters which were located between the press ram

and platen. The maximum operating_temperature of the facility was 1750°F.
The vacuum varied between 2 x 10-o and 5 x 10-6 mm Hg during welding.

o Welding requiring a low temperature air atmosphere environment was con-
ducted in a 40,000 pound open press having heated platens. The maximum

operating temperature of the facility was 750°F.

S.pecimen Preparation

Lap specimens having the configuration shown in the following sketch were used
for the diffusion welding studies.

Prior to welding the specimens were given the desired surface preparation as
previously described.

Welding Procedure

Specimens which were welded at temperatures above 750°F required a parting

material to be placed between the specimen and retort or ram to prevent weld-
ing at these surfaces. Thin sheets of alumina-silica ceramic fiber paper were

used for this purpose. Usually three specimens were welded in tandem as shown

in Figure 9 to expedite the welding process studies.

After the specimens were prepared and inserted in the welding press, a low

pressure ( ,'_ 2500 psi) load was applied. This pressure was increased to the

desired welding pressure after the specimens reached the welding temperature.
All processing data for each specimen was tabulated as shown in Appendix D.

After the welding cycle was completed, the specimens were cooled to room
temperature without pressure. The specimens were then evaluated for weld

quality as described in the following sections.



Evaluation Procedure

The welded specimens were visually inspected for evidence of welding and
measured for the amount of material deformation which occurred during welding.

Specimens were then subjected to thermal shock test by immersion in LN 2.
Specimens which passed the thermal shock test were cut in half with an abrasive
cut-off wheel. One-half was reserved for metallurgical analysis and one-half

was used for a peel test.

The peel test was performed by peeling one-half of the specimen with a pair of

pliers while gripping the other half in a vise. The peel test was used only as
a qualitative method of estimating diffusion bond quality. When the peeling

action resulted in a substantial deformation of one of the metals in the speci-
men, the failure mode was termed ductile. When little or no deformation

occurred during peeling, the failure was termed brittle. The relative force

required to accomplish the peeling, which is a qualitative indication of bond

strength, was noted. After peeling, the faying surfaces were inspected visually
to evaluate the degree of bonding. The results of this evaluation are tabulated

in Appendix D.

Specimens which were judged to warrant further evaluation (based on visual
examination, peel tests and thermal shock tests) were subjected to metallurgical

analysis. The initial step in the metallurgical evaluation was to prepare a
microsectlon and examine the joint interface for degree of welding and presence

of diffusion zones. From this initial study, specimens were selected for further

metallurgical investigation. The extent of the additional evaluation varied

dependent upon the particular specimen, but included preparation of appropriate
photomicrographs and measurement of diffusion zone thickness and hardness.

Where applicable, intermediate phases at the interface were further analyzed

by electron microprobe analysis, and electron microscopy. To facilitate these
analytical studies, 15-degree taper microsectlons, which permit a four-fold

"bandspread" of a perpendicular cross section were prepared.

ROLL WELDI NG

Sheet material was prepared for roll welding using the same surface preparation
as discussed previously. Roll welding was conducted in an inert atmosphere using
sealed retorts as shown in Figure 10. The retort was purged with argon gas prior

to heating, during heating and during rolling. The roll welding was accomplished

in one pass using a laboratory rolling mill, Figure 11, having 5-inch diameter

rolls capable of exerting a roll pressure of 100,000 pounds. After rolling, the
retort was stripped and the roll welded specimen was subjected to the following
evaluations.
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Process Evaluation

After roll welding, the specimens were measured to determine the amount of
material thinning for each alloy combination. Pieces were cut from the roll

welded specimen for testing as shown in Figure 10. The peel test was used to

determine relative weld strength as described in the press welding section.
The bend and torsion tests were used to determine if the roll welded sheets

contained adequate strength and ductility to permit forming and machining
operations which m_ght be required in fabrication of future parts. The results

of this evaluation were tabulated in Appendix D.

Metallurgical Evaluation

Roll welded specimens which were satisfactorily joined during rolling were sub-

jected to metallurgical analysis to determine the degree of welding and for the

presence of a diffusion zone. Photomicrographs were prepared of the diffusion
zone mlcrostructure.
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PHASEI - SURVEYOF SOLIDSTATEWELDING

A comprehensivestate-of-the-art surveywasconductedon joining of dissimilar
metalsby solid state welding. Thesurveyconsistedof a literature searchand
a state-of-the-art tour to selectedorganizationsbelieved to be the mostable
to provide useful information. Theemphasisof the surveywason joining of
the typesof dissimilar metal combinationswhich were selected for study in the
experimental program.

Considerationwasgiven to joining with andwithout the useof diffusion aids.
Reviewwasmadeof the varioussolid state welding methods,but emphasiswas
placed on pressand roll diffusion welding since thesetechniqueswere usedin
the program.

The information from the state-of-the-art surveyhasbeencompiled asa separate
report and is included in Appendix A.
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PHASEII - DIFFUSIONWELDING BYTHEPRESSMETHOD

In this phaseof the programthe presswelding of the six dissimilar alloy combinations
was investigated. Comprehensivestudieswere conductedfor pressingwelding of
(1) bare metal couplesand (2) coupleswith interfacial diffusion aids. Theeffect of
air, argonand vacuumenvironmentsondiffusion characteristicswere also investigated.
Weld characteristicswere determinedby thermalshock, peel and metallurgical testing,
usingthe proceduresaspreviously described.

Themajorinvestigative effort of the programwasconducted in this phase. Therefore,
the resultsand discussionwill be presentedin two major sections:

1. Welding of BareMaterial

2. Weldingwith Diffusion Aids

WELDING OF BARE MATERIAL

The press welding of the couples in the bare condition was initially conducted in an
argon atmosphere from a high-parity liquid argon source. The welding procedures used

are described in detail in the previous section. The selection of the major test variables
and test results are described below.

TEST VARIABLES

From the results of screening tests, three times, three temperatures and three pressures

for a total of 27 test conditions were chosen for each alloy combination as shown in
Tables V, VI, and VII. The following describes the method used in selecting these
variables:

1. Welding Temperature

The lowest temperature used was one at which the alloy combination would show
consistent diffusion welding in a time of approximately 1 hour and with a pressure
which was adequate for bringing the materials into intimate contact. The higher

temperatures selected were those which were compatible with the thermal pro-

cessing requirements of each alloy and yet high enough to produce a discrete
diffusion zone to facilitate the diffusion studies. However, in the case of the

alloy combinations containing aluminum base alloys a measurable diffusion zone
could not be observed (metal lographlcally) at any temperature up to 1000°F,

which is considered the maximum exposure temperature of these alloys.
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2. Welding Pressure

The lowest welding pressure selected for each combination was one that produced
very low or no specimen deformation at the lower welding times and temperatures.
The higher pressures selected were those that permitted an adequate pressure

gradient for the diffusion studies but without producing excessive (over 50 percent)
specimen deformation.

3. Welding Time

The shortest welding time selected for each combination was that which would

produce consistent diffusion welding at the selected welding temperature. The
longer welding times selected were those that permitted an adequate time gradient
for the diffusion studies.

THERMAL SHOCK TESTING

The thermal shock test very seldom resulted in a failure of the joined specimens at the
diffusion weld interface. In the majority of the cases in which failure did occur the

specimens contained a very small amount of effective welded area and thus permitted
the differential thermal contraction rates of the materials in the combination to shear

the joint interface. See Appendix D.

However, the 7106 aluminum alloy to 321 stainless steel combination, when welded

at 1000°F, always failed or partially failed during the thermal shock test. Visual
inspection of the faying surfaces of these specimens revealed that they had been
completely welded; however, brittle fracture occurred at the interface. Figure 12
shows a photograph of the faying surface of 7i06 aluminum alloy after a 0.25-inch

radius free bend test. The closely spaced horizontal lines in the photograph are cracks
in the brittle phase which adhered to the surface of the aluminum. These same cracks
were observed on the surface of the 321 stainless steel after bending.

PEEL TESTING

The peel tests were conducted on the six dissimilar alloy couples welded in the bare

condition as a method to estimate the strength and ductility of the joint and to permit
observations as to the completeness of the weld and the appearance of the fracture
interface. The following describes the results of these tests:

a. 2219 Aluminum Alloy to 321 Stainless Steel

The attainment of a complete solid state weld between this couple in the bare
condition is difficult. Strength levels achieved were low and are considered
inadequate. Table VIII summarizes the results of the peel tests.
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b. 7106AluminumAlloy to 321 StainlessSteel

A solid state weld maybe developed in this couple with relative ease. The joint
faylng surfacesafter peeling alwaysappearsmoothand glossy.

Thespecimens,aspreviously notedduring thermal shocktesting, were brittle when
joined at 1000°F. Thejoints exhibited moderate strength when joined at the 900 °
and 950°F temperatures as shown in Table VIII.

c. 2219 Aluminum to Ti-5AI-2.5Sn Alloy

This alloy combination exhibited a medium to high peel strength when joined at
temperatures from 900 ° to 1000°F as shown in Table VIII. The laying surfaces of

the aluminum after peeling occasionally appeared crazed indicating the interface
contains a zone consisting of a brittle phase. However, the strength and ductility
of the joints are considered good.

d. Inconel 600 Alloy to Ti-8AI-1Mo-IV Alloy

This combination produced sound diffusion welded joints with relative ease. The

Fractured surfaces where shiny and extremely smooth. The joints were always
brittle which made the peel strength of the joint difficult to estimate.

e. 321 Stainless Steel to Ti-8AI-1Mo-IV Alloy

This combination welded with relative ease. During peeling the specimens failed
in the same manner described for the Inconel 600 to Ti-8AI-1Mo-IV combination.

f. 321 Stainless Steel to Inconel 718

This combination was difficult to join consistently at 1325°F. The combination

joined with ease at the 1600 ° and 1725°F temperatures. These specimens were
extremely difficult to peel. Peeling, when possible, could only be accomplished

by driving a sharp chisel into the joint interface. Peeled specimens exhibited
smooth, grey-colored surfaces. These surfaces tarnished in air very quickly.

Observation of the 321 stainless steel revealed a thin metallic film present on the

laying surface. Figure 13, a photograph of 321 stainless steel after peeling,
shows where this film was removed when it adhered to the Inconel 718. The

vertical lines on the photograph are imprints on the thin layer resulting from the
sanded surface of the Inconel 718 alloy.

COMPRESSIVE DEFORMATION MEASUREMENTS

The compressive yielding of the specimens as a result of the welding pressure is shown

for each specimen in Appendix D and is summarized graphically for each Combination
in Figures 14, 15, 16, 17, and 18. The figures show the relationship between the three

major parameters (time, temperature, and pressure) and the amount of compressive
yielding.
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The thermal shock and peel tests showed that a minimum total specimen compressive
yielding of approximately 0.002 to 0.003-inch is required for alloy combinations

to insure that the faying surfaces were uniformly in intimate contact. When pressures
were insufficient, welding would only occur in the localized areas where the material

surfaces were in contact. Compressive yielding, once beyond the range of approxi-

mately 0.003-inch, had no measurable effect on the strength, ductility or appearance
of the diffusion welded joint.

METALLURGI CAL STUDI ES

In view of the complexity of the six alloy couples being investigated in this program,
involving diffusion of five or more major elements, classical analyses of the Kirkendall

type were not attempted. Instead, predictions of diffusion mechanisms and correlation

of experimental diffusion behavior were made on the basis of a firm knowledge of

pertinent phase diagrams, specific diffusion coefficients, solubility rules and physical
constants. Extensive use was made of References 1, 2, 3 and 4 in the analysis of

diffusion characteristics and identification of intermediate phases in the diffusion
zones.

The metallurgical studies of the couples in the bare condition were initially conducted

using diffusion welding parameters which "bracketed" what was considered the general
range of the best overall schedules. However, in order to obtain more detail infor-

mation of the interdiffusion mechanisms ( i .e., element migration), pre-placed inert
markers (0.0005-inch diameter tungsten wire) were used in the joint interface.

Diffusion welding times up to 100 hours were used to develop discrete diffusion zones.

The results of these two studies are presented separately for each alloy couple. The

metal iographic procedures used have been previously described.

Aluminum Alloy Combinations - Bare Condition

The following three combinations were evaluated:

1. 2219 Aluminum Alloy to 321 Stainless Steel

2. 7106 Aluminum Alloy to 321 Stainless Steel
3. 2219 Aluminum Alloy to Ti-5AI-2.SSn

Typical microstructures of specimens diffusion welded at 950°F for each of these three
combinations are illustrated in Figure 19. Metallurgical examination of the three alloy
combinations welded at 900 °, 950 °, and 1000°F revealed no diffusion zone of sufficient

thickness to be measurable for any of the 27 diffusion welding test conditions. Electron

microscopic studies were conducted to further define the microstructure and measure the
thickness of the diffusion zones. Optical and electron mlcrographs of the 2219 aluminum
alloy to Ti-5AI-2.5Sn combination are shown in Figure 20. The extremely thin diffusion

zone (approximately 0.5 microns) is revealed in the electron micrograph. This electron
micrograph is typical of all three diffusion couples containing an aluminum alloy.
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Theelectron microprobeanalysesof the threealuminumcombinationsareshownin
Figure21. Baseduponthe optical and electron micrographs, it is evident that the
diffusion zone widths of AI and Fe, and AI and Ti, indicated by the microprobe

results, can be misleading. Figure 21 indicates a diffusion zone width of approxi-

mately 4 microns, whereas the electron mlcrograph, Figure 20, indicates a zone of

0.5 micron. This apparent discrepancy is caused by the diameter of the electron

microprobe beam, which is 1 to 2 microns. During scanning of an extremely thin
zone, such as that shown in Figure 20, the microprobe beam senses the zone from
the time the initial outer periphery contacts it until the beam has completely passed

over the zone. Therefore, the microprobe indications may be approximately 1 to 2
microns wider on each side of the zone than the actual zone width.

The results of the metallurgical evaluations for the aluminum-containing couples in

the bare condition indicate an acceptable solid state weld can be obtained. However,
critical parametric control and diffusion welding temperatures between 900 ° to 950°F

are required. At these temperatures the aluminum alloys w|ll necessarily be in the
low-strength condition after welding.

Inconel 600 to Ti-8AI-1Mo-IV - Bare Condition

Metal lographic examinations were conducted on press welded specimens for the 27
diffusion welding test conditions listed in Table VI. Examination for diffusion weld
quality revealed complete solid state welding had resulted for specimens of all of

the 27 test conditions except those which were welded at 1200°F with 12.5 ksl

pressure. These specimens contained approximately 15 percent of void area.

Photomicrographs were taken of 90 ° cross-sections of each specimen and measurements
made of the total diffusion zone thickness. Microstructures of typical specimens
diffusion welded at 1200 ° , 1350 ° and 1450°F are shown in Figure 22. Polishing and

etching techniques used in preparation of the metallographic specimens are described
in Appendix E.

Results of the diffusion zone thickness measurements are presented graphically in

Figure 23 as a function of time, temperature and pressure parameters. These data

reveal that the welding temperature is the most sensitive parameter in producing
solid state diffusion of the alloy combination. This test work also showed that a

welding pressure of a magnitude sufficient to bring the faying surfaces of the metal
into intimate contact is required, and that greater pressures have no measurable effect

on the growth of the diffusion zone.

Metallurgical studies conducted with 15° taper microsections revealed that the diffusion

zone is composed of four zones or bands of varying thickness. Generally only three of

these zones can be observed in the microstructure of specimens welded at 1200OF as
shown in Figure 24. All four zones are evident with the more extenslve diffusion of

specimens welded at 1350°F as shown in Figure 25. In the unetched condition (Figure

25a) only one zone is apparent in the mlcrostructure. However, after etching (Figure
25b), the weld microstructure resolves as one thick zone and three much thinner zones.
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Microhardness measurements revealed that the thick zone in the weld is significantly
harder than either base metal. A typical microhardness traverse of a 90 ° cross-

section is shown in Figure 26 for a specimen diffusion welded at 1450°F. Accurate
hardness measurements were difficult to obtain for the thinner diffusion zones even

using 15° taper microsections, but in general the values ranged between the hardness
of the thick zone and the hardness of the base metals. Hardness values obtained for

the thick zone were as high as 450 KHN for measurements conducted on 15° taper
microsections.

Results of electron microscope examination of selected specimens revealed additional
information on the character of the four zones in the diffusion weld. An electron

micrograph of a carbon replica of a specimen diffusion welded at 1350°F is shown in

Figure 27. The microstructure of the diffusion zone indicates that zone 2 is probably

an intermediate (intermetallic) phase. Zone 1 could also be a single phase layer
while zones 2 and 4 appear to be mixtures of two or more phases. Study of the
microstructure indicates that zone 4 is probably composed of the zone 3 phase and
titanium alloy. The zone 3 intermediate phase appears to form at a faster rate along

the grain boundaries which causes formation of islands of titanium alloy.

Typical electron microprobe analyses of the diffusion zones of Inconel 600 to

TI-8AI-1Mo-IV diffusion welds are presented in Figures 28 and 29. The concentration

of elements is indicated by values of uncorrected line intensity. Since the relation-
ship of line intensity to element concentration is not linear, more accurate chemical

compositions in specific areas were determined by point count techniques. Micro-
probe traverses conducted on 90 ° cross-section specimens, Figure 28, revealed
several very significant features of the diffusion zone.

Additional microprobe traverses conducted on 15° taper microsections, Figure 29,
provided better resolution of the chemical variation in the diffusion zone.

The following observations were made from the results of the electron microprobe
studies:

1. Migration of Ni into the titanium-base alloy proceeds very rapidly at the

higher diffusion welding temperatures (1350 ° and 1450°F).

. Fe in the Inconel 600 migrates somewhat slower than Ni while Cr diffuses

very slowly into Ti alloy compared to Ni. The result is a band of high Cr

and Fe content. This reverse migration or Cr and Fe atoms is tentatively
attributed to phenomena related to the "Kirkendahl effect" The rapid
diffusion of Ni atoms results in an interface shift with an increase in con-

centration of Cr and Fe atoms relative to Ni atoms on the Inconel alloy side
of the interface.
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. Flattening of the Ni and Ti concentration curves coincides with the thick

zone (Zone 3) in the diffusion weld and is indicative of an intermediate

phase of Niand Ti. The presence of only one intermediate phase is evident

in microprobe traverses of diffusion zones of welds made at 1200 ° , 1350 °
and 1450°F.

More accurate analyses of composition were made at various spots in the diffusion
zone by microprobe point count techniques. This type of analysis conducted on

15° taper microsections of specimens welded at 1350 ° and 1450°F revealed that the
average composition of the diffusion zone at the flat part (Zone 3) of the Ni con-

centration curve is approximately 52% Ni, 3%Fe and 45%Ti. Review ofeauili-
brlUm phase diagrams for the Ni-Ti system shows three intermediate phases which

might be expected to be present. These are: TiNi 3(78wt. % Ni), TiNi (55wt. %
Ni) and Ti2Ni(40wt. % Ni). The microprobe analysis of the thick zone (Zone 3)
in the Inconel 600 to Ti-8AI-1Mo-IV welds corresponds to the composition of the

Ti Ni intermediate phase.

Although the presence of the two other intermediate phases TiNi 3 and Ti2Ni might
be expected, the rate of formation of these phases may be too slow at the welding

temperatures to achieve sufficient layer thickness to permit observation in the
diffusion zone by microprobe analysis. A further complicating factor is the effect

of the principal alloying elements Fe, Cr and AI on the formation of diffusion zones.
This did not present a problem with analysis of Zone 3 since its formation proceeded

at such a rapid rate that the amount of other alloying elements diffusing into this
phase was not significant.

321 Stainless Steel to Ti-8AI-1Mo-IV - Bare Condition

The thickness of diffusion zones of specimens diffusion welded under 27 test conditions

of time, temperature and pressure are presented in Figure 30. Comparison of these
data to Figure 23 reveals much slower diffusion at 1200°F and 1350°F for the 321
stainless steel to Ti-8AI-1Mo-IV combination than for Inconel 600 to Ti-8AI-1Mo-IV,

but similar rate of diffusion at 1450°F. Typical mlcrostructures of specimens diffusion
welded at 1200 °, 1350 ° and 1450°F are shown in Figure 31. These specimens were

etched lightly using only the titanium alloy etch since attempts to develop the 321

stainless steel microstructure resulted in destroying the microstructure of the diffusion

zone. Metallographic preparation procedures are described in Appendix E.

Metallographic examination revealed varying degrees of scattered voids (lack of

bonding) at the interface of specimens welded at 1200°F and for specimens welded

for 10 minutes at 1350°F. Several of the latter specimens fractured along the inter-
face during preparation of the metallographic specimens. The diffusion zone for these
specimens was generally too thin ( ,-,-, 0.02 mils) to be measured.
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Figure32 showsthe unetchedand etchedmicrostructureof a 15° tapermicrosection
of a specimendiffusion weldedat 1350°F. No diffusionzone is evident in the
unetched microstructure (Figure 32a) but two distinct diffusion zones can be observed

in the etched condition (Figure 32b). Two diffusion zones can be observed in the

microstructure of specimens welded for 10 minutes at 1450°F as shown in Figure 33.
Three diffusion zones can be observed in the mlcrostructure of specimens welded
120 minutes at 1450°F (Figure 33).

A microhardness traverse across the diffusion zone of a specimen welded at 1450°F
is shown in Figure 34. Zone 2 exhibits high hardness (KHN 480) while no accurate
hardness could be obtained for the thinner zones.

Typical electron microprobe analyses of the diffusion zone of 321 stainless steel to

Ti-8At-IMo-IV diffusion welded at 1450°F are presented in Figure 35. Observations
from the microprobe studies are as follows:

i. Migration of Fe into Ti alloy proceeds quite rapidly at 1450°F and is accompanied
by rapid migration of the Ni content of the stainless steel.

o Cr migrates slowly into Ti alloy compared to the Fe and Ni diffusion rate. The
result is a zone of high Cr content on the stainless steel side of the interface.

This reverse migration of Cr is attributed to the same phenomenon as previously
discussed for Inconel 600 to Ti-8AI-1Mo-IV diffusion welds.

3. Flattening of the Fe curve which takes place at a relatively low concentration
of Fe appears to coincide with Zone 2.

Microprobe point count techniques indicate an average Fe content of 24%, a Ni
content of 2% and a Ti content of 74% for the flat portion of the curve. The total

Fe and Ni content is approximately 26% which does not correspond to any of the
intermediate phases which, from the equilibrium phase diagram, might be expected
to be present in the diffusion zone. Available data indicates that TiFe (54 wt. %

Fe) and TiFe 2 (70 wt. % Fe) are the most likely intermediate phases under equilibrium
conditions, while Ti2Fe (40 wt. % Fe) and TiFe 3 (78 wt. % Fe) intermediate phases
are indicated as possibly being present.

321 Stainless Steel to Inconel 718 - Bare Condition

Typical microstructures of 321 stainless steel to Inconel 718 specimens diffusion welded
at 1325°_ 1600 ° and 1750°F are shown in Figure 36. Incomplete welding and/or

fracturing shown by the specimen welded at 1325°F, Figure 36, is characteristic of

specimens diffusion welded at this temperature. Specimens welded at 1600 ° and
1750°F were completely welded and displayed diffusion zones of measurable thick-
ness, Figue 37.
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Metallographic examination revealedvarying degreesof scatteredvoids (lack of
welding) at 1325°Ffor timesup to 2 hours. However, at the 1600° and 1750°F
welding temperature,completeand effective solid state weldirig occurred. At
1600°Ffor 2 hours,Figure 38, the visible diffusion zone at 500X appearsto have
changedfrom a distinct zone to one in which intergranular diffusion (up to
0.0008-inch) is predominant.

Resultsof electron microscopeexaminationof specimenswelded at 1600°Frevealed
twoprominentzones. An electronmlcrograph ofacarbon replica of the diffusion
weldedspecimenis shownin Figure38.

A typical microhardnesstraverseof a 90° cross-sectionis shownin Figure 39 for a
specimendiffusion welded at 1750°Ffor 1 hour. No significant hardnessvariations
were indicated. Themaximumhardnessat the centerof the diffusion zonewas
361 KHN with variations from321 KHN in the 321 stainlesssteel to 384 KHN in
the Inconel 718. Thisconfirmswhat would beanticipated in the diffusion zone due
to the high degreeof mutualsolid solubility of Fe, Ni and Cr.

Typical electron microprobeanalysesof the diffusion zonesof 321 stainlesssteel to
Inconel 718welds are presentedin Figure 40.

Thefollowing observationswere madefrom the resultsof the electron microprobe
studies:

1. Theconcentration of Cr acrossthe diffusion zone is constant (approximately
18percent).

2. Fe and Ni have uniform concentration gradientsfrom the 321 stainlesssteel
and Inconel 718 parent metals.

Themetallurgical analysisconductedon the diffusion welding of bare321 stainless
steel to Inconel 718 indicates that the developmentof a reliable and metallurgically
soundprocesscanbe accomplishedfor this combination in the bare condition.

Diffusion Studies Using Tungsten Markers

, 2219 Aluminum Alloy to 321 Stainless Steel
7106 Aluminum Alloy to 321 Stainless Steel

2219 Aluminum Alloy to Ti-SAI-2.5Sn

Metallographic examination and electron microprobe analyses were conducted

on diffusion weld specimens representing diffusion times of 1, 10 and 100-hours
for each material combination. Specimens containing tungsten wire markers
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(0.0005-inch diameter) were prepared and studied in the as-welded condition

and after diffusion for an additional 9 and 99 hours. The welding and diffusion
conditions for the three alloy combinations are given below:

Alloy Welding Diffusion

Combinations Time and Temp. Time and Temp.

2219 AI to321SS 1 hour @950°F 9 hrs. & 99 hrs. @950°F

7106 AI to 321 SS 1 hour @950°F 9 hrs. & 99 hrs. @860°F

2219 AI to Ti-5AI-2.5Sn 1 hour @950°F 9 hrs. & 99 hrs. _b950°F

More refined analytical techniques were employed in the microprobe analyses
used in this portion of the program than had been used previously. As a result,

the new data represent quantitative chemical analyses. The improved techniques
included use of continuous line recording and subsequent corrections of concen-

tration profiles by point count measurements. Microprobe analyses presented in
the previous studies were qualitative or semi-quantltative and results were given

as uncorrected line intensity or approximate weight percent.

2219 Aluminum Alloy to 321 Stainless Steel

Diffusion zone thicknesses for the 1, 10 and 100-hour diffusion specimens were
0.1, 0.5 and 2.0 mils respectively. Two well defined diffusion zones were

observed in the 10-hour and 100-hour diffusion specimens. Microstructure and

microprobe results for the 10-hour diffusion specimen are shown in Figure 41.

The microprobe analysis indicates that Zone 1 is an intermediate phase with a

uniform concentration. Although the Fe to AI ratio corresponds to the FeAI 2
phase, the presence of significant amounts of Ni, Cr and Cu indicates the

possibility of more complex phases. Zone 2 contains a high concentration of

Cu (23%). This results from the rapid diffusion rate of aluminum compared to

that of copper. This concentration of an alloying element in diffusion couples
of alloys was previously explained as resulting from the "Kirkendall effect". The

high Cu content of Zone 2 gives a rapid etching rate which accounts for its dark

appearance in Figure 41. No identification of the phases contained in Zones 1 or

2 could be made as a result of these studies. The 100-hour specimen was extremely
brittle and fractured during mounting which prevented a comprehensive analysis of
this specimen.

7106 Aluminum to 321 Stainless Steel

Diffusion weld specimens were extremely brittle and the 10-hour and 100-hour

specimens fractured before or during mounting. This prevented satisfactory
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microprobe analysis results for these specimens. A micrograph of the fractured

100-hour diffusion specimen is shown in Figure 42. One diffusion zone of

approximately 0.1 mil in thickness is evident for the 100-hour specimen, but
no diffusion zone of measurable thickness was revealed by examination of the

1 and 10-hour diffusion specimens.

2219 Aluminum Alloy to Ti-5AI-2.SSn

Diffusion specimens of this combination revealed no diffusion zone of measurable

thickness for 1 and 10-hour diffusion and a diffusion zone of approximately
0.1 mll for 100-hour diffusion. This diffusion zone showed a relatively high

hardness, 520 KHN, indicating an intermediate phase formation. Microstructure

and microprobe analyses of the 100-hour diffusion specimen are shown in
Figure 43. The uniform concentration gradient confirms the relatively small

amount of interdiffusion between the 2219 aluminum alloy and the TI-SAI-2.5Sn

alloy at 950°F diffusion temperature. However, a rather unusual reaction took

place between the tungsten wire marker and the base metals after 100-hour
diffusion. Interdiffusion with the tungsten resulted in a growth of the wire to

2.0 mils or approximately four times the original wire diameter as shown in

Figure 43. This was wholly unexpected because no reaction had previously
occurred with 2219 aluminum alloy under the same time-temperature conditions

or with Ti-8AI-1Mo-IV alloy at 1450°F for times up to 100 hours.

Microprobe analysis conducted on the reacted tungsten wire revealed that inter-

action had taken place between tungsten and aluminum resulting in the apparent

formation of a tungsten alumlnlde. Electron microprobe photographs of character-
istic x-ray fluorescence for W, AI, Sn, Cu and Ti are shown in Figure 44.

Microprobe profiles across the reacted wire confirmed that the wire contained
W and AI with no measurable amounts of Sn, Cu or Ti. It is not known what

triggered the interaction of aluminum and tungsten in this particular alloy
combination, whereas no reaction with aluminum was evident for the 2219

aluminum alloy to 321 stainless steel combination under the same diffusion con-
ditions. It is possible that the presence of Ti or Sn is responslblefor accelerating
the AI-W interdiffusion, but this would have to be established by a more compre-

hensive experimental study using binary and ternary diffusion couples.

Improved knowledge of diffusion characteristics and intermediate phase formation
have been achieved for the three aluminum containing couples. Excessive

formation of brittle intermediate phases result with the longer diffusion times.

Inconel 600 to TI-8AI-1Mo-IV
321 Stainless Steel to Ti-8AI-1Mo-IV

Metal lographic, electron microprobe and electron microscope studies were con-

ducted on 1, 10 and 100-hour diffusion weld specimens of each alloy combination.
The microstructure of the diffusion zone after 1, 10 and 100-hours for the

22



Inconel 600 to Ti-8AI-1Mo-IV alloy combination is shown in Figure 45, and

after 100 hours for the 321 stainless steel to Ti-8AI-1Mo-IV alloy combination

is shown in Figure 46. Microprobe analyses of these same specimens showing

concentration profiles for Ni, Fe, Cr, AI and Ti are presented in Figure 47 for
Inconel 600 to Ti-8AI-1Mo-IV specimens and in Figure 48 for 321 stainless

steel to Ti-8AI-1Mo-IV specimens. These data confirm results of the preliminary

microprobe analyses of weld specimens. The 10 and 100-hour diffusion specimens
provided significant additional information on diffusion mechanisms for these two

alloy combinations.

Back scattered electron and sample current photographs were taken with super-

imposed concentration profiles to orient the element concentration with respect
to the various diffusion zones. Microprobe photographs for the Inconel 600 to

Ti-8AI-1Mo-IV diffusion specimens are shown in Figure 49 and those for the

321 stainless steel to Ti-8A!-IMo-IV diffusion specimens are shown in Figure 50.

These superimposed concentration profiles represent qualitative chemical analyses
but permit orientation of the diffusion zones with respect to the quantitative
analysis results given in Figures 47 and 48. Using these data, the identification
of the thickest diffusion zone in the Inconel 600 to TI-8AI-1Mo-IV diffusion

welds was confirmed as the intermetallic compound TiNi.

A review was made of ohase diagram data available in the literature for the Ni-Ti
and the Fe-Ti systems (1,2,3). These data indicated that for a 1450°F diffusion

temperature, the phases which are most likely to be present in binary diffusion
couples of Ni-Ti and Fe-Ti are as follows:

Ni-Ti System Fe-Ti System

Phase Composition Weight Percent Phase Composition Weight Percent

Ni 100% Ni Fe 100% Fe

Ni Solid Max. 8% Ti @1450°F Fe Solid Max. 3% Ti @1450°F
Solution

TiNi 3 78.6% Ni TiFe 2 70%Fe

TiNi 55% Ni TiFe 54% Fe

Ti2NI

/'_ Ti Solid

Solution

OC Ti

Ti

40% Ni

Max. 6% Ni @1450°F

< 0.2% Ni

/'3 Ti Solid

Solution

OCTi

Max. 17% Fe @1450°F

Nil Fe

100% Ti Ti 100% Ti
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These binary alloy phase data serve only as a guide in attempting to under-

stand the diffusion mechanism and phase formation of the complex nickel
alloy to titanium alloy and iron alloy to titanium alloy diffusion couples
which were studied on this program.

Five distinct diffusion zones were observed in the microstructure of Inconel

600 to Ti-8AI-1Mo-IV diffusion welds. The appearance of these zones are

shown in Figure 51a which is an electron microscope photograph of the
100-hour diffusion specimen. A microhardness traverse across the diffusion

zone of this specimen is shown in Figure 52a. Analysis of the data from

metal lographic, electron microprobe and electron microscope studies permit
several observations and conclusions to be made on diffusion mechanisms and

phase identification for the Inconel 600 to Ti-8AI-1Mo-IV alloy combination.
These are given below for the various zones:

Zone 1 A high concentration of Cr and Fe occurs in this zone due to the

more rapid migration of Ni compared to Cr and Fe. No phase
identification.

Zone 2 No phase identification.

Zone 3 Principal intermediate phase. Identified as TiNi intermetallic

compound by microprobe analysis.

Zone 4 No phase identification.

Zone 5 Two phases present; tentatively identified as Ni-rich _ Ti and
AI-rich c_ Ti solid solutions. This zone is enriched in AI due

to the more rapid diffusion rate of Ti compared to AI in the
Ti-8AI-1Mo-IV alloy.

The Cr and Fe enrichment of Zone 1 and the AI enrichment of Zone 5 are the

result of the significant differences in diffusion rates of these elements in

comparison to the base constituent of their respective alloys. This phenomena,

as previously discussed, is attributed to the "Kirkendall effect".

Six diffusion zones can be observed in the 321 stainless steel to Ti-8AI-1Mo-IV

diffusion welds. The appearance of these six zones are shown in Figure 51b,

which is an electron microscope photograph of the 100-hour diffusion specimen.

A microhardness traverse for this specimen is shown in Figure 52b. Observations

on diffusion mechanism and phase identification for this combination are as
follows:

24



Zone | A high concentration of Cr and deletion of Ni is attributed to the
"Kirkendall effect" resulting fromextremedifferences in diffusion
ratesof Cr, Ni and Fe. No phaseidentification.

Zone 2 No phaseidentification.

Zone3 No phaseidentification.

Zone4 No phaseidentification.

Zone 5 Tentatively identified by microprobe analysis as Fe-rich _ Ti
solid solution.

Zone 6 Two phases present; tentatively identified as Fe-rich (_ Ti and
AI-rich D( Ti solid solutions. This zone is enriched in AI due

to the more rapid diffusion rate of Ti compared to AI.

Phase identification could not be made for three zones in the Inconel 600 to

Ti-8AI-1Mo-IV welds and four zones in the 321 stainless steel to Ti-8AI-1Mo-IV

welds as a result of these studies. This was primarily due to the thinness and

complex chemistry of these diffusion zones. The high hardness common to each

of these zones indicates the probability that the phases present are intermetallic
compounds. The complex chemistry of the diffusion zones resul_ from the con-

siderable number of alloying elements involved; many of which have widely
different diffusion rates. In order to achieve further phase identification, longer

diffusion times, higher diffusion temperatures and use of binary diffusion couples
would be required.

Diffusion voids were observed in localized areas of the 100-hour Inconel 600 to

Ti-8AI-1Mo-IV diffusion specimen. This dlffusional porosity, "Kirkendall voids",
was evident in the Inconel 600 base metal adjacent to each tungsten wire marker.

No diffuslonal porosity was observed in the 1-hour and 10-hour Inconel 600 to

Ti-8AI-1Mo-IV specimens or in any of the 321 stainless steel to TI-8AI-1Mo-IV
diffusion specimens. Figure 53 shows the presence of diffusion voids adjacent to

the tungsten markers of the 100-hour Inconel 600 to Ti-8AI-1Mo-IV specimens

as revealed by microprobe photographs and by conventional micrographs. The
100-hour 321 stainless steel to Ti-8AI-1Mo-IV specimen is shown for comparison.
These studies indicate that the localized diffusional porosity in the 100-hour

Inconel 600 to Ti-8AI-1Mo-IV specimen is the result of the "Kirkendall effect".

The explanation for this localized porosity is that nickel from the Inconel 600

base metal diffuses rapidly around the tungsten wire to form intermediate phases
with titanium at the interface. This results in a phenomenon which tends to move

the wire in the opposite direction to the nickel diffusion ("Kirkendall Shift").

However, the large size of the tungsten wire and the restricting influence of

25



adjacent metal prevents the wire from moving the full amount. The result is
that as the lattice of the base metal shrinks due to loss of nickel atoms, voids

are formed due to incomplete shrinkage caused by the constraint in lateral
contraction. It is evident f'mrhFigure 53 that the tungsten wire acts as a

partial barrier to the growth of the intermediate phases.

These data have contributed significantly to a better understanding of diffusion

characteristics and intermediate phase formation in diffusion welds of these
two alloy combinations. In addition, advances have been made in techniques

for metallurgical analysis of diffusion couples. Although the thinness and

complex chemistry prevented identification of several intermediate phases,
the extreme hardness and presumed brittleness of these phases indicate that the

development of an acceptable diffusion weld schedule requires that these phases
must be kept very small and if possible discontinuous.

3. Inconel 718 to 321 Stainless Steel

Diffusion zone thicknesses for 1, 10 and 100-hour diffusion specimens of this
combination were 0.2, 0.3 and 0.6 mils respectively. Each specimen shows
two indistinct diffusion zones. Microprobe analyses show uniform concentration

gradients for all alloying elements. Microstructure and microprobe analyses for

the 100-hour diffusion specimen are shown in Figure 54. These data indicate
no intermediate phases farm at the interface. This would be expected since
both alloys are austenitic and contain the same major alloying elements.

Absence of intermediate phase formation for the Inconel 718 to 321 stainless
steel combinations with diffusion times up to 100 hours indicate diffusion weld-
ing of bare material should be feasible for this combination.

EFFECT OF AIR AND VACUUM ENVIRONMENTS

Air Atmosphere

The following combinations were diffusion welded in an air atmosphere using the weld-

ing parameters shown in Table IX:

(a) 2219 aluminum alloy to 321 stainless steel

(b) 7106 aluminum alloy to 321 stainless steel

(c) 2219 aluminum alloy to Ti-SAI-2.5Sn

(d) Inconel 718 to 321 stainless steel
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The above four alloy combinations were welded with surfaces prepared by polishing

and by abrasive cleaning and by (1) heating to temperature prior to applying the
pressure and by (2) applying the pressure prior to heating to temperature.

The two material combinations containing Ti-8AI-1Mo-IV were omitted because

of excessive contamination which occurs in air at the 1350 ° to 1450°F welding
temperature required for these combinations.

Peel tests were conducted on the four alloy combinations welded in an air atmosphere,
Table IX. These results are shown in Appendix A (Specimens 264 through 295).

In general, the results revealed that an air atmosphere produces erratic diffusion
weld qualityo

Welds having good peel strength were obtained in several specimen couples con-

taining an aluminum alloy, regardless of whether the pressure was applied prior to
or after the specimen reached welding temperature. Preliminary metallurgical
examination of the specimen welded in air showed, when welding occurred, the

joint had the same appearance as those welded in an argon atmosphere. The results

of this work indicate that some oxidation of the material will not prevent successful
welding; however, erratic results can be expected.

The 321 stainless steel to Inconel 718 alloy combination could not be welded in air

due to excessive oxidation if the pressure was applied after the specimen reached

the welding temperature. Diffusion welds with good peel strength were obtained
if the welding pressure was applied prior to heating. However, metallurgical

examination of these welds showed the presence of metal oxides at the faying surface.

Vacuum Environment

All six combinations were diffusion welded in a vacuum environment using the test

parameters shown in Table X. These specimens were heated in the vacuum environ-

ment to the desired welding temperature prior to applying the welding pressure.
During heating the vacuum varied between 1 x 10-gand 7 x 10-5torr due to out-

gassing of the specimens and their parting agents. During welding, the pressure
varied between 2 x 10-5 and 1 x 10-6torr.

All six material combinations were successfully welded in a vacuum environment.

Peel testing of the specimens resulted in a peel strength which was comparable to

those specimens welded in an argon atmosphere (Appendix A - Specimens 403 to 426).

Metallurgical examination of the diffusion welds showed they contained approxi-
mately the same diffusion zone width and appearance as those welded in argon.
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Thespecimens welded in vacuum exhibited an exterior surface which was considerably

brighter than of those welded in argon. Apparently the specimens which were diffusion

welded in a retort with argon gas (liquid source) atmosphere are being slightly con-

taminated from outgassing of the parting agents which are placed between the specimens.
The vacuum environment completely prevented contamination.

WELDING WITH DIFFUSION AIDS

In this portion of the investigation, diffusion welding studies were conducted using

metal foils and electroplating at the joint interface. Screening tests were initially

conducted to evaluate a large variety of diffusion aids. More comprehensive studies
were then conducted on selected transition materials.

SCREENING TESTS

Metal Foils

The following couples were welded using metal foils and welding parameters shown
in Table XI:

(a) Inconel 600 to Ti-8AI-1Mo-IV

(b) 321 Stainless Steel to Ti-8AI-1Mo-IV

(c) Inconel 718 to 321 Stainless Steel

Prior to welding, the base material was abrasively cleaned followed by solvent clean-
ing. The metal foils were used in the as-received condition. Welding was conducted

in an argon atmosphere using the same techniques described for the bare material
combinations.

Preliminary investigations using metal foils on material combinations containing an

aluminum alloy revealed difficulty in obtaining a solid state weld between the foil

and the titanium alloy or stainless steel at temperatures below 1000°F. Therefore,
metal foils with the aluminum alloy combinations were not investigated further.

1. Inconel 600 to TI-8AI-1Mo-IV
321 Stainless Steel to Ti-8AI-1Mo-IV

Based on peel tests and preliminary metallurgical examination of diffusion welds
prepared using the parameters shown in Table XI, the following results were
observed:
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a. Vanadium and silver are the most promising foil materials. These foils

produced diffusion welds having a good strength and better ductility than
the welds produced using bare material on the above combinations.

Figure 55 shows typical mlcrostructure of diffusion welds using these metal
foils.

b. Copper, gold, nickel and titanium produced low strength and brittle

diffusion welds. The problem with these foils appears to be an inter-
mediate phase formation between the foil and the base materials. This

phase formation could not be prevented by lowering the welding temp-
eratures without elimlnating the weld between the opposite foil-base

material interface. Figure 56 shows the intermediate phase which forms

between the Cu and Au foils and the Ti-8AI-1Mo-IV parent metal.

2. Inconel 718 to 321 Stainless Steel

The copper, nickel and silver foils produced welded joints having medium strength

and ductility. These foils did not match the joint strength which was obtained

when welding the above combination in the bare condition. However, they did

permit successful diffusion welding at lower temperatures than those required
for welding in the bare condition. Typical photomicrographs of diffusion welds
where copper and nickel foils were used are shown in Figure 57.

The iron and gold foils produced welded joints having low peel strength in the
Inconel 718 to 321 stainfess steel combination.

E!ectrop!ated Metals

All six material combinations were welded in the electroplated condition. The

welding parameters are shown in Table XII. Prior to welding, the plated surfaces
were abrasively cleaned followed by solvent cleaning. Welding was conducted in

an argon atmosphere using the techniques previously described for bare material
combinations.

• 2219 Aluminum to 321 Stainless Steel

7106 Aluminum to 321 Stainless Steel

2219 Aluminum to TI-5AI-2.5Sn

The above alloy combinations were plated (Table XII) with copper, silver, and
nickel with the material (1) in the bare condition and (2) with the aluminum and

the titanium alloys anodized (see Appendix C). The anodized surface on the
aluminum alloys was evaluated as a barrier coating to prevent the formation of

undesirable phases during diffusion welding. "l'he titanium fluoride anodize was

used on the titanium alloy to increase electroplating adherence.
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The peel testing and metallurgical examination of the foregoing specimens
revealed the following results:

a. Anodizing of the aluminum alloys effectively prevented phase formation
between the aluminum and electroplating. However, adherence of the

electroplating to the anodized surface was poor resulting in low joint
strength and ductility. Figure 58 shows two photomicrographs of nickel

plated 7106 aluminum (anodized) to 321 stainless steel. The lower photo-

micrograph in Figure 58 shows the formation of an intermediate phase
where the anodized surface was broken. The photomicrograph in Figure 58a

shows no phase formation when the coating is continuous.

b. From the results of both peel tests and metallurgical examination, the silver

electroplating on bare material gave the best diffusion weld quality on

aluminum alloys to stainless steel. Copper electroplating resulted in erratic
diffusion weld quality. This is apparently caused by the varying degrees

of oxidation of the copper surface during welding.

C. The diffusion welding of 2219 aluminum to Ti-5AI-2.5Sn with electroplated

metals was generally unsuccessful. During peel testing, the plating would

usually peel off the titanium alloy. Apparently, diffusion welding temp-
eratures for this combination are too low to permit diffusion between the

plating and the titanium alloy. In later work (discussed on page 31) it

was found that silver produced good adherence to titanium alloys if the
plated titanium was prediffused at temperatures of 1300°F.

Inconel 600 to Ti-8AI-1Mo-IV

321 Stainless Steel to Ti-8AI-1Mo-IV

The above material combinations were diffusion welded using silver, copper and

nickel electroplating. The plating was applied to the titanium alloy (1) with the
titanium in the bare condition and (2) with a titanium fluoride anodize. The

titanium fluoride treatment gave the best plating adherence, and had no measur-
able effect on diffusion characteristics when compared with plating on bare
material.

The results of peel testing and metallurgical examination of the above combinations

showed that silver produced a ffzir joint strength and ductility at welding temp-
eratures ranging from 1100 ° to 1500°F. No significant diffusion zone between the

silver and titanium alloy was evident at 500X magnification, Figure 59a. Copper

and nickel plating produce joints having marginal strength and ductility after
welding at 1300°F for 10 minutes. At this time and temperature considerable

diffusion occurred between the plating and the titanium alloy, Figures 59b and
59c.
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3. Inconel 718 to 321 Stainless Steel

The above material combination was diffusion welded using copper and nickel

plating. As previously discussed, the copper plating produced erratic weld

quallty because of oxide contamination in the copper surface prior to applying
weld pressure. Nickel produced excellent weld quality; however, strength and
ductility of the weld joint is not as good as in the bare material combination.

Nickel plating reduces the welding temperature required to produce a welded
joint as compared with the temperatures used for the bare material combination.

COMPREHENSIVE STUDIES

Parametric studies were conducted on the six alloy combinations using the diffusion
aids as shown in Table XIII. The two most promising diffusion aids for each combi-
nation (except for 2219 AI to Ti-5AI-2.5Sn) were chosen based on the results of the

previously discussed screening tests. The work conducted in the foregoing screening
tests showed that silver electroplating had poor adherence to TI-8AI-1Mo-IV if the

welding temperature was below 1100°F. The silver electroplating also exhibited

poor adherence to TI-5AI-2.5Sn at the 500 ° and 700°F welding temperature (when
welded to 2219 aluminum alloy). Therefore, diffusion welding tests were conducted

in which silver electroplated Ti-8AI-1Mo-IV and TI-5AI-2.5Sn were prediffused at

1300°F for 10 minutes in vacuum. After this prediffusion, the titanium alloys were

welded to the silver electroplated metal in their respective combination at a temp-

erature of 600°F. Peel testing of these specimens showed that the prediffusion cycle
was successful in creating good adherence of the electroplating to the titanium alloys.

Based on this work, the parametric study shown in Table XIII includes a series of

specimens in which the titanium alloys are _U_l_.._u to various prediffuslon cycles

prior to welding.

The results of the diffusion aid study include an analysis of the process and metallurgical
investigations conducted on each condition. The process investigations included thermal

shock and joint peel testing. Since all specimens satisfactorily passed the thermal
shock testing, no further discussion of this test will be given. The parent metal and

diffusion aid combinations evaluated will be discussed either separately or where more
complete analysis of the data can be obtained; various combinations will be discussed

concurrently.

1. 2219 Aluminum Alloy to 321 Stainless Steel
7106 Aluminum Alloy to 321 Stainless Steel

Based upon the joint peel testing and metallurgical evaluation of welded specimens
of the above combinations using silver and copper electroplated diffusion aids,
the following results were observed.
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Si Iver Electroplate

Silver plating produced welded joints having good peel strength at the 500 °,

600 °, and 700°F welding temperature. However, joint ductility decreased

with increase in welding temperature. At the 500°F temperature the welded
joints peeled primarily through the silver electroplating. An increase in weld-

ing temperature caused the joints to peel primarily through the silver to 2219

aluminum alloy interface. The 7106 aluminum alloy combination exhibited
better joint ductility than the 2219 aluminum alloy combination at all welding
tempe ratures.

Typical mlcrostructure of the 321 stainless steel to 2219 aluminum alloy welds
using electroplated silver as a diffusion aid are shown in Figure 60 after welding

at 500 ° and 700°F. Evidence of the original Ag-Ag electroplate interface has

virtually disappeared as a result of diffusion and accompanying recrystallizatlon

and grain growth. This characteristic of Ag to develop a complete solid state
weld at the Ag-Ag interface in an air atmosphere is attributed to the lack of

detrimental oxide or other non-metallic films. In the 400 ° to 700°F temperature
range, the free energy of silver oxide formation is so low, and the probability

of dissbciation so high, that the presence of an inhibiting oxide at the Ag-Ag

interface would not be expected. This relationship of temperature and the free

energy of formation of Ag20 is shown below:

Heat and Free Energy of Formation of Ag20
Ref. 5

Temperature, °F

8O

300

4OO
50O

600

700

F (cal/mole)
= RT Ink

-2500
- 650

+ 200

+1050

+ 1900
+2700

It is evident from the above that silver has the Characteristics to be an excellent

diffusion aid for welding temperatures from 400 ° to 700°F.

Figure 60 illustrates that the major diffusion zone development is at the 2219
aluminum alloy-silver electroplate" interface. At 500°F for 2 hours the zone is

very small, Figure 60a, and is not the prime site for initiation of peel failure.
However, at the 700°F for 1 hour welding schedule, five distinct diffusion zones
can be readily detected, Figure 60b. Peel failures of the 700°F welding schedule

appeared to initiate in Zones 1 or 2.

32



In order to studythesezonesmorethoroughly, special metallurgical specimens
were preparedfor microhardnesstraversesandelectron microprobeanalysis.
Thespecimenswerewelded at 700°F for 10minutesand thendiffusion treated
for an additional 8 hoursat 700°F. Thediffusion treatmentproduceddiffusion
zonesof significant widths. Thespecimenswere metallographically prepared
with a 90° cross-sectionsince it has been observed that consistent micro-

hardness and microprobe results could not be obtained with 15° taper sections

due to the tapered or "feathered" edges of the diffusion zones or interfaces.

Results obtained in the microhardness traverse and microprobe studies of 321
stainless steel to 2219 aluminum alloy weld with electroplated silver as a
diffusion aid are summarized in Figure 61. Six diffusion zones are indicated,

5 zones at the Ag to AI interface and one zone at the Ag to stainless steel
interface. However, it should be noted that no discrete diffusion zone is

evident at the Ag to stainless steel interface (Zone 6). Surface preparation

for electroplating results in the observed intergranular penetration of the Cu
flash and Ag electroplating into the 321 stainless steel.

Zones 1 through 5 are of particular interest. Zone 1 includes the diffusion of

the Cu flash and Ag electroplate into the 2219 aluminum alloy. Zone 2 consists
of a discontinuous phase and has the highest microhardness (314 KHN) of all the

zones, Figure 61. The microprobe analysis revealed that the predominant con-

stituents of this zone are Cu and AI with Ag present only as the minor constituent.

Equal parts of Cu and AI, as represented on the microprobe, would represent a
composition only slightly off the stoichlometry for g (Cu-AI)-(54 wt. % Cu-46
wt. % AI), which has a reported hardness of 480 KHN(7). The difference in

the two exp._ _ on.hardness values (3!4 KHN a..,_"_480 ....k'HN)can ......i_o I_ine_l _1_obasis

of the slight chemistry difference and the presence of the slight amount of Ag.

Although g (Cu-AI) phase is generally given the fixed composition CuAI2, this
phase is actually of variable Berthollide composition(7). Therefore, the light

appearing phase in Zone 2, Figure 61, can be regarded as truly of g composition.
Zone 3 is a light appearing phase with dispersed particles, probably the g (Cu-AI)

phase. Zone 4 is a single phase with a chemical composition of approximately
90 wt. % Ag-10 wt. % AI, as shown in the microprobe analysis, Figure 61b. The

Ag-AI equilibrium diagram shows the presence of three intermediate (Ag-AI)
phases ( _ ,_a , x,_ ), situated in the silver-rich region. All of these phases

are secondary solid solutions and all reoortedly include an Ag3AI phase of the

approximate 90 Ag-10 AI composit!on (3). Since the _ (Ag-AI) phas%is stable
only at high temperatures (-',, 1100 F), Zone 4 probably is either the _ or
(Ag-AI) phase. The significance of Zones 3 and 4 is that the microhardness is

relatively low, indicating the phases are not particularly undesirable. In fact,
future studies wherein the Cu flash on the AI substrate would be eliminated in

favor of a direct (Ag-AI) phase development may be warranted.
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The growth of the diffusion zonesat the 2219aluminumalloy-silver electro-
plate interface is illustrated by the tungsten marker study shown in Figure 62.
It is apparent that growth of Zones 2 and 3 is primarily by diffusion of AI

from the silver electroplate interface. (AI migrates at a much greater rate

than Ag across the silver electroplate interface.)

The microstructures of the 7106 aluminum alloy to 321 stainless steel couple
using silver electroplate as a diffusion aid are shown in Figure 63. Diffusion

zones obtained are similar to those developed in the 2219 aluminum alloy to
321 stainless steel combination at the same weld schedules.

The microhardness and electron microprobe analyses are summarized in Figure 64.
The major difference between diffusion welds containing the 2219 and the 7106

aluminum alloys is that (1) a smaller width of copper concentration is detected

by microprobe in the 7106 aluminum alloy, (2) lower microhardness of Zone 2

(137 KHN compared to 314 KHN), and (3) greater depth of Ag diffusion in the
7106 aluminum alloy. These factors are believed to contribute to the slightly

higher peel strength detected with the 7106 aluminum alloy combination.

Copper Electroplate

Copper electroplating produced joints in both the 2219 and 7106 aluminum alloy

to 321 stainless steel combinations having a peel strength which appeared to be

lower than that obtained with the silver electroplated specimens. In the joint
peel test the joints also exhibited less ductility and failed primarily at the copper

electroplate to aluminum alloy interface. Some oxidation was observed at the

copper interface.

Typical microstructures of the 321 stainless steel to 2219 aluminum alloy com-

bination using copper electroplate as a diffusion aid are shown in Figures 65 and
66. The microstructures after welding at 500 ° , 600 ° and 700°F are shown.

One significant observation in all photomicrographs is the existence of a dis-

continuous oxide film present at the original interface of all welds. The oxide

film did not appear to be an initiation site for peel failure. However, considering
the thermodynamic stability of cuprous and cupric oxides, it is vew:y unlikely this
condition can be eliminated unless welding was conducted under critically

controlled conditions in an inert gas atmosphere or a vacuum, or unless very high

welding pressures were used.

The critical diffusion zone is at the 2219 aluminum alloy-copper electroplate

interface. This zone appears to consist of three relatively thin zones as shown
in Figure 66b.
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A summaryof the microhardnesstraverseandmicroprobeanalysisof a 2219
aluminumalloy to 321 stainlesssteel weld usingcopperelectroplate asa
diffusion aid is shown in Figure 67. In order to develop wider diffusion
zones for this study, the specimen was diffusion treated for 8 hours at 700°F

after welding. The significance of this study is the high microhardness of

Zone 3 (642 to 713 KHN). The Cu content of this zone ranges from approxi-
mately 60% to 90%, Figure 67b. The AI-Cu equilibrium diagram reveals

11 intermediate phases within this composition range. No specific phase

definition can be made; however, one or more of these phases are undoubtedly
responsible for the high microhardness.

Below 60 wt. % Cu only one intermediate phase, g (Cu-AI), is reported present
on the equilibrium diagram. Zones 1 and 2 consist of a Cu composition from

6% to 60% Cu and probably contain the g (Cu-AI) phase. Zone 1 has a greatly
reduced microhardness (209-271 KHN) as compared to Zone 3, Figure 67a.

The dark etch for Zone 1 in Figure 67a is believed due to etching technique.
Zone 4 includes the Ni and Cu electroplates and reveals only slight diffusion
occurred during welding.

Based upon the results of this analysis, Zone 3 appears to be responsible for the
relatively brittle joint peel failures. All joint peel failures occurred in this
zone.

The microprobe analysis, Figure 67b, indicates that AI diffuses at a much greater

rate than Cu across the 2219 aluminum alloy-copper electroplate interface.

=1-!_ne mlcrostructure of the -,1 _, •i ,06 u,um,num alloy to 321 -_ "-=_,a,,,,ess steel combination

using copper electroplate as a diffusion aid is shown in Figure 68. Discontinuous
oxide film as well as Cu-AI diffusion zones similar to those obtained on the 2219

aluminum alloy combination, are readily apparent.

A summary of the microhardness and microprobe analyses on a long time diffusion
treated weld of the above combination is shown in Figure 69. Four distinct

diffusion zones are visible. Zone 3 has a very high microhardness (726 KHN)
and a Cu content range from 60% to 90%. The microhardness and Cu content

of Zone 3 are almost identical to those obtained in the 2219 aluminum alloy
combination. Zone 1 has a slightly higher microhardness than Zone 1 in the

2219 aluminum alloy combination (406 to 271 KHN). All joint peel specimens
failed in these Cu-AI rich zones.

Based upon the results of the foregoing diffusion aid evaluation, silver electro-

plate and a welding temperature of approximately 500°F, is the preferred diffusion
welding process for the 2219 and 7106 aluminum alloys to 321 stainless steel
combinations.
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2. 2219AluminumAlloy to TI-5AI-2.5Sn

.

Welded specimens were prepared with the Ti-5AI-2.5Sn alloy having the silver
in the (1) as-electroplated condition and (2) with the silver electroplate pre-
diffused at 1100 °, 1300 ° , 1500 ° and 1700°F for ten minutes.

Joint peel testing of specimens prepared with the titanium in the as-electroplated

condition showed that the silver has poor plating adherence to the titanium alloy.

After prediffusion treatments of 1100 ° , 1300 ° and 1500°F, the welded specimens
exhibited good peel strength with the joint failure occurring in the silver or at
the 2219 aluminum alloy-silver electroplate interface. The prediffusion treat-

ments at 1700°F resulted in very low peel strength with failure at the silver

electroplated interface.

A photomicrograph of a specimen which was diffusion welded at 600°F for
30 minutes in the as-electroplated condition is shown in Figure 70a. The joint
failed during welding at the Ti-5AI-2.5Sn and silver electroplate interface.

The microstructure of a weld in which the silver electroplate on the TI-SAI-2.5Sn

was prediffused at 1300°F for 10 minutes is shown in Figure 70b. No visible
diffusion is apparent at the Ti-5AI-2.SSn interface. A small diffusion zone is
visible at the 2219 aluminum alloy interface. The microhardness traverse and

microprobe analysis summary is shown in Figure 71 for the same weld discussed
above. The microhardness traverse indicates an increase in hardness in the

2219 aluminum alloy-silver electroplate interface (Zone 1). Due to the short
time used (30 minutes) only one zone (Zone 1) is visible; however, the phases in
this zone should be similar to the three zones shown in the 321 stainless steel to

2219 aluminum alloy weld using silver diffusion aid, Figure 60b. The microprobe

analysis revealed approximately 4 to 6 microns interdiffusion between the
Ti-5AI-2.SSn and silver electroplate. However, considering the scanning

characteristics of the microprobe, approximately a 2 micron tolerance must be
allowed for the electron beam diameter. Therefore, it would appear that

2 to 4 microns interdiffusion of Ti-Ag has occurred.

Based on this work, a satisfactory diffusion welded joint can be produced in the

TI-SAI-2.5Sn to 2219 aluminum alloy combination by using silver electroplating

on both alloys and prediffusing the silver electroplate at about 1300°F on the

titanium alloy.

321 Stainless Steel to Ti-8AI-1Mo-IV

Inconel 600 to Ti-8AI-1Mo-IV

Based on the joint peel testing and metallurgical investigation of welded specimens
of the above combinations using silver electroplating and with vanadium foil

(Table XIII) the following results were observed.
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Silver Electroplate

Silver plated specimens welded at 600°F, without the prediffusion treatment,
resulted in poor joint peel strength because the silver exhibited little or no

adherence to the titanium alloy.

Silver plated specimens welded at 1300°F, without the prediffusion treatment,

produced satisfactory strength and ductility and failed through the silver
plating.

Silver plated titanium specimens, having an acceptable plating, and when

prediffused at 1300 ° and 1500°F and welded at 600°F produced specimens

having satisfactory strength and ductility. The 1100°F prediffusion temperature
was too low to produce adherence of the silver to the titanium alloy and the
1700°F temperature was too high and caused excess diffusion of the silver into

the titanium. The prediffusion cycle occasionally resulted in specimens having
a discolored and/or blistered surface. The cause of this appears to be related

to the anodizing techniques used prior to silver plating. Specimens having this

type of surface produced welded joints having erratic quality.

Metallurgical examination of welded specimens up to 500X magnification revealed

no distinct diffusion zones at the Ti-8AI-1Mo-IV to silver electroplate interface
after the prediffusion treatments. Figure 72 illustrates two weld microstructures,
(1) with no prediffusion treatment and welded at 1300°F for 1 hour, and (2) with

a 1330°F for 10 minutes prediffusion treatment and welded at 600°F for 30 minutes.

No interdiffusion is noted. Microprobe analyses revealed only minimal ( _ 4

microns) diffusion. As mentioned above, all specimens in these conditions failed
during peel testing in the silver electroplating.

The metallurgical results for the Inconel 600 to Ti-8AI-1Mo-IV combination
using silver diffusion aid were similar to those described above.

Vanadium Foil

Specimens welded using vanadium foil for a diffusion aid did not exhibit satis-

factory strength and/or ductility. When diffusion welding was accomplished at
the 1400°F temperature the specimens exhibited low joint peel strength because

of poor adherence of the foil to the titanium. At higher temperature the foil

had good adherence to the titanium alloy and the specimens exhibited high peel
strength_ however, the peel failure always initiated at the Inconel 600 or 321
stainless steel side of the joint in a brittle manner.

Typical microstructures of welds in the 321 stainless steel to Ti-8AI-1Mo-IV

combination using vanadium foil are shown in Figure 73. At 1500°F for
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30 minutes no distinct diffusion zones can be detected, Figure 73a. After

welding at 1600°F for 1 hour, three distinct zones are visible at the 321
stainless steel interface while two zones are visible at the TI-8AI-1Mo-IV

interface, Figure 73b.

Figure 74 illustrates the microhardness and microprobe analysis of the com-

bination containing 321 stainless steel. The extremely high microhardness
of Zone 2 (953 KHN) at the 321 stainless steel to vanadium foil interface

appears to be detrimental in this diffusion weld combination, Figure 74a.

Study of the potential phases possible in this zone revealed that Ni-V phases
would probably be the most detrimental. Above 20 wt. % V in the Ni-V

system, 3 intermetall ic phases and numerous secondary solid solutions are

reported. The microprobe analysis, Figure 74b, indicates that the hard

Zone 2 contains a Ni-V composition wherein the V is greater than 20°.
However, due to the alloy complexity of this joint combination, no phase
identification can be made with the data obtained. It is interesting to note

that approximately 6 to 8% Cr has diffused completely across the vanadium
foil from the 321 stainless steel.

The metallurgical findings for the TI-8AI-1Mo-IV to Inconel 600 combination
using vanadium foil were very similar to those discussed above. Figure 75

shows the microhardness and microprobe studies conducted on this combination.
Only two zones were detected at the Inconel 600 interface. A mlcrohardness
of 1038 KHN was detected in Zone 2, Figure 75a.

The high hardness zones detected at the 321 stainless steel and Inconel 600

interfaces of the two above combinations were believed responsible for the

reported brittle joint peel failures.

Silver electroplating, if properly applied, can result in satisfactory welds with-

out detrimental metallurgical phase development by using predlffusion treatments
or welding at 1300°F (without predlffuslon).

The peel test results indicate that vanadium foil will not produce satisfactory

diffusion welded joints.

4. Inconel 718 to 321 Stainless Steel

Based upon the peel testing and metallurgical examination of welded specimens

in this combination using silver and nickel electroplatlng for diffusion aids
(Table XII), the following results were observed.

38



Silver Electroplate

Silver electroplated specimens when welded in air at 500 ° to 800°F produced

joints having a strength level which may be expected of silver metal. How-
ever, this strength level is considerably less than the strength of the Inconel
718 to 321 stainless steel combination welded in the bare condition at 1600°F.

These specimens peeled primarily through the silver electroplate and with a
small amount of the silver peeling from the copper flash electroplating on the

Inconel 718. The silver plated specimens welded in air at 900°F and in argon

at 110 ° and 1300°F resulted in a lower peel strength as compared with the
specimens at 500 ° to 800°F in air.

Metallurgical examination revealed intergranular penetration of the copper

flash and silver electroplate into the 321 stainless steel and Inconel 718 parent
metals with no visible diffusion (at 500X magnification). The microstructure
was similar to that shown in Figure 60a for the 321 stainless steel interface.

Nickel Electroplate

Nickel electroplated specimens welded at 1100 ° , 1300 ° and 1500°F in an argon
atmosphere all showed a strength level superior to silver metal, but still con-

siderably less than for the alloy combination welded at 1600°F in the bare con-

dition. All nickel plated specimens failed through the nickel electroplate
during the peel testing.

Results of the metallurgical examination are shown in Figure 76. Two diffusion

zones are revealed in Figure 76a. The microprobe sample current and profile
photographs shown in Figure 76b, indicate that these zones consist of fairly
continuous decreasing (or increasing) diffusion gradients.

The Inconel 718 to 321 stainless steel combination can be satisfactorily
diffusion welded with the silver electroplate or nickel electroplate diffusion

aids. However, except for lower welding temperatures allowed, joint
characteristics and strength are not improved over that obtained _n the bare
metal conditions.

DISCUSSION

Diffusion mechanism studies of the six dissimilar metal combinations have significantly
aided in the understanding of diffusion characteristics and intermediate phase formation
of these combinations with and without the use of diffusion aids. The findings of the

above studies have indicated that detrimental phases can develop in the joint interface,

particularly for the Ti-8AI-1Mo-IV containing couples. However, it should be noted
that excessively large diffusion zones were deliberately developed in portions of this

study to allow for detail analysis. For actual component applications the diffusion
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zones should be kept as narrow as possible consistent with obtaining interdiffusion

between the various elements of the joint materials. The theory being that if

detrimental phases can be kept discontinuous or very thin, the drastic effect on
joint characteristics can be minimized.

Based upon the work in Phase II, the following press welding schedules are con-

sidered to be the best overall compromise for obtaining consistent welding, and

where appllcable, of minimizing detrimental phase formation.

Combination

1. 2219 AI/321 SS

(a) Bare Condition

(b) Diffusion Aid

2. 7106 AI/321 SS

(a) Bare Condition

(b) Diffusion Aid

3. 2219 AI/Ti-5AI-2.5Sn

(a) Bare Condition

4.

5.

.

(b) Diffusion Aid

Inconel 600/TI-8AI-
1Mo-IV

(a) Bare Condition

(b) Diffusion Aid

321 SS/Ti-8AI-1Mo-IV

(a) Bare Condition

(b) Diffusion Aid

Inconel 718/321 SS

(a) Bare Condition

(b) Diffusion Aid 1

(c) Diffusion Aid 2

Diffusion Aid

D

Ag Plate

m

Ag Plate

Ag Plate (2)

B

Ag Plate (2)

m

Ag Plate (2)

m

Ag Plate

Ni Plate

Diffusion Welding Parameters
i

Tempe ratu re

940°F :1:10°F

500°F

940°F +10°F

500°F

940 ° F + 10° F

500°F

1325°F:k25°F

700°F

1425°F$25°F

700°F

1625°F±25°F

600°F

1325°F_25°F

Time

30 Min.

2Hrs.

30 Min.

2Hrs.

30 Min.

2Hrs.

10 Min.

30 Min.

10 Min.

30 Min.

Pressure (1) Environment

Vacuum

Air

Vacuum

Air

Vacuum

Air

Vacuum

Air

Vacuum

Air

15 Min.

30 Min.

30 Min.

Vacuum

Air

Vacuum

1)Pressure adjusted to allow 0.003 to 0.006-1nch compressive thinning during welding.

2)Predlffused at 1350°F for 10 minutes prior to welding.
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PHASEIII - EFFECTOF MATERIALCONDITION ON DIFFUSIONWELDING

Thisphaseof work wasperformedto determinethe effect of strain hardening, heat
treat condition and surfacefinish on the mostacceptable diffusion welding schedules
establishedin PhaseII for sheetmaterial in the bare condition. Thepurposeof this
work was to determinewhat variations in material condition would beacceptable
in establishingdiffusion welding schedulesin future productionapplications.

EFFECT OF STRAIN HARDENING & HEAT TREATMENT

EFFECT OF MODERATE STRAIN HARDENING

The effect of strain hardening was investigated for the 321 stainless steel and
Inconel 600 to Ti-8AI-1Mo-IV and for the Inconel 718 to 321 stainless steel com-

binations. Strain hardened material containing up to 50% cold reduction in thick-
ness was used in the test work. Table XIV outlines the welding conditions used.
In addition to the strain hardened material, materials in the annealed condition

were also included as control specimens, Table XIV. The annealed and strain

hardened materials were press welded in the same retort to preclude any variation
in welding condition. Welded specimens of annealed and strain hardened material

were included in the same metallurgical mount to prevent any variation in polishing
and etching techniques during evaluation.

Test specimens, Table XIV, were evaluated by peel testing and metallurgical

examination. These results did not reveal a measurable difference in specimen peel
J-" ..-: ..... It ,_ prior moderate strain hardeninastrength on u,ffu_,o,, zone width as a ........ .

EFFECT OF HIGH STRAIN HARDENING & HEAT TREATMENT

The previous test work, using up to 50% strain hardened material, was conducted
at a single temperature for each material combination. The Inconel 718 to 321
stainless steel combination was selected for further investigation using material

strain hardened 60 and 65 percent and diffusion welding temperatures from 1300°F
to 1800°F, Table XV. In addition, solution treated and aged Inconel 718 was

diffusion welded to annealed 321 stainless steel, Table XV. The lower welding

temperature limit of 1300°F was chosen because in previous work (Phase II) a

1325°F temperature produced partial joining for this combination. The highest

welding temperature of 1800°F was selected because this represents the nominal

solution treating temperature for Inconel 718. All three combinations, Table XV,
were welded in the same retort and examined in the same metallurgical mount as

described in the foregoing section.
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Evaluation of the welded specimens by peel testing and metallurgical examination

of the diffusion zone did not reveal a measurable difference between similar speci-
mens diffusion welded in the annealed condition. In Figure 77 the photomicro-

graphs show the joint area of strain hardened material welded at various temp-

eratures. The slightly varying diffusion zone shown in these photomicrographs as

the temperature of welding is increased is identical to that obtained in annealed

material. The base metal is seen to significantly change in microstructure as

welding temperatures are increased.

EFFECT OF MATERIAL SURFACE CONDITION

An investigation was conducted to determine the effect of surface finish on the

six material combinations. Surface finishes prepared by abrasive cleaning,

chemical cleaning, polishing and by machining (1000 RHR) were used. The
abrasive cleaned materials were used for control specimens. The machined speci-

mens were prepared by a milling procedure which produced both a rough surface

and one which wasgalled to produce a high amount of surface cold work. The

pressing welding was done using the acceptable diffusion welding conditions
established in Phase II. Table XVI shows the welding conditions used in this

investigation. All four specimens for each material combination (A, B, C, D -

Table XVI) were welded in the same retort to permit consistency in evaluation.
After welding the specimens were evaluated by peel test and metallurgical
examination. The results of this evaluation are described below.

2219 and 7106 ALUMINUM ALLOYS TO 321 STAINLESS STEEL

Peel testing showed chemical cleaning provided the best joint surface preparation
for obtaining high strength for the above material combinations when welded at
950°F for 30 minutes.

Polished surfaces occasionally showed an improvement over the abrasively cleaned
surfaces (control specimens). Machined surfaces resulted in a peel strength com-

parable to those cleaned by abrasive sanding. Metallurgical examination of weld-

ed specimens at 500X magnification did not reveal that the different surface

preparations had an effect on the characteristics of the diffusion zone.

Based on this work, it appears that chemical cleaning plus a fairly short diffusion

welding time (950°F) will produce the best joint strength and ductility.

2219 ALUMI NUM ALLOY TO TI-5AI-2.5Sn

The peel test indicated that polished surfaces gave the best weld strength and

ductility for this combination. The other three surface preparations produced

satisfactory joint strength and consistency. Metallurgical examination did not

reveal any difference in the diffusion zone as a result of surface preparation.
Because polished surfaces are not practical for production parts, additional test
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work wasdoneusingmaterial abrasivelycleaned(after chemical cleaning)
with 150grit paper. Thesespecimensproduceda joint having high peel
strength. Basedon theseresults, it appearsthat lightly sandedsurfaceand
welding at 950°F - 30 minuteswill produceacceptable joint quallty.

INCONEL 600 TO TI-8AI-1Mo-IV
321 STAINLESSSTEELTO TI-8AI-1Mo-IV

Thepeel testing showedthat all joints for the abovecombinationswere strong
and relatively brittle regardlessof the surfacepreparationused. Metallurgical
examinationshowedthat the polishedspecimensgavea void free joint having a
uniform diffusion zone width, while thosespecimenspreparedby the other methods
contained somevoid areasand a moreerratic diffusion zone width. A comparison
for surfacespreparedby the four methodsare shownin Figures78 and 79 for the
Inconel600 to Ti-8AI-1Mo-IV combination.

INCONEL 718 TO 321 STAINLESSSTEEL

Surfacepreparationdid not have a measurableeffect on the peel strengthof the
abovematerial combination. Thephotomicrographsin Figures80 and 81 showa
welded joint for each of the four surfacepreparationmethods. Polishedsurfaces
provided the mostuniform diffusion zone. Themicrostructureof the Inconel 718
rough-cut machinedsurfacerevealsan extremely fine grained sub-structure,
Figure81b. Thiscould bea result of the highwork hardenability of the Inconel
718 alloy. Thediffusion zone for this machinedsurfacepreparationappearsto
have a greater width. Thismaybe causedby the asperitiesproducedin machin-

- _.*.1 L " . .....ing which increased con_,uera_,ly the speclmen _,,rfa_ area.

DISCUSSION

The work conducted in Phase III revealed that strain hardening has no measurable
effect on the development of a diffusion welded joint. The work conducted on

the Inconel 718 to 321 stainless steel combination shows that diffusion welding
can be accomplished without appreciable recrystallization of the sheet material,

and can also be accomplished with the solution treated and aged Inconel 718

without appreciable loss in base metal hardness.

The work using various surface finishes revealed the following:

• The chemically cleaned condition (950°F for 30 minute welding schedule)
is the superior finish for 2219 and 7106 aluminum alloys to 321 stainless
steel.
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1

A light sanded finish (150 grit) is the preferred finish for the 2219

aluminum alloy to Ti-5AI-2.5Sn material combination.

Any of the four surface finishes evaluated are acceptable for diffusion
welding Inconel 600 and 321 stainless steel to TI-8AI-1Mo-IV, and
for Inconel 718 to 321 stainless steel.

44



PHASEIV - DIFFUSIONWELDING BYTHEROLLMETHOD

Roll welding was investigatedasa methodfor joining the six alloy combinations.
Thisphaseof work was limited in scopeand wasconductedprlmar_ly to determine
if the alloy combinationscould be joined in the bare material condition usingan
argonatmosphere. Thesematerialswhich could not be welded in the bare con-
ditions were welded using diffusion aids.

WELDING OF BARE MATERIAL

CHEMICAL CLEANED MATERIAL

The six alloy combinations were roll welded in the bare condition using the weld-

ing conditions shown in Table XVII. All material was chemically cleaned prior
to welding. Upon removal of the retorts after welding it was observed that the

three alloy combinations containing a titanium alloy were not welded or only

partially welded regardless of welding temperature used. The remaining three
combinations which were successfully joined were evaluated to peel, bend and
torsion tests and to metallurgical examination. This evaluation revealed the
following.

2219 and 7106 Aluminum Alloys to 321 Stainless Steel

These combinations had excellent peel strength and ductility when welded at 750 °

and 850°F. Specimens welded at 650°F were low in peel strength. The specimens
welded at 750 ° and 850°F successfully passed the bend and torsion test without

cracking or delamination. Metallurgical examination revealed the joints were

free of voids and no evidence of formation of an intermediate phase was observed.
The photomicrographshown in Figure 82 is typical for these combinations.

Inconel 718 to 321 Stainless Steel

This combination was successfully welded at 1400 ° , 1600 ° and 1800°F. Peel

strength increased with increasing welding temperature. Roll welding at the

1800°F temperature resulted in partial welding of the retort to the specimen and

made stripping of the retort difficult. Specimens welded at all the above temp-
eratures successfully passed the bend and torsion test without cracking or delami-
nation. Metallurgical examination revealed the joints were void free and with-

out the formation of detrimental intermediate phases, Figure 83.

ABRASIVELY CLEANED MATERIAL

The three material combinations containing a titanium alloy were welded in the

abrasively cleaned condition in an attempt to produce a satisfactory welded joint.
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This method was successful on the 2219 aluminum alloy to Ti-SAI-2.5Sn

combination when welding was conducted at 950°F, and welded specimens

exhibited excellent peel strength and ductility. Specimens also passed the
bend and torsion test without cracking or delaminatlon. The welded joints

were free of voids and of an observable intermediate phase, Figure 84.

The two alloy combinations containing Ti-8AI-1Mo-IV could not be satis-

factorily roll welded in the abrasively cleaned condition where roll welding

was attempted at 1400 °, 1500 ° and 1600°F.

WELDING WITH DIFFUSION AIDS

Diffusion aids were employed in an attempt to roll weld the Inconel 600 and
321 stainless steel to Ti-8AI-1Mo-IV alloy combinations. Prior to welding

the sheet material was chemically cleaned. Silver and nickel loll were used

at temperatures of 1500 ° , 1600 ° and 1700°F. The welding with these diffusion
aids was unsuccessful due to joint delamination.

Examination of the joint faying surfaces indicated that partial welding did occur
during rolling and that delaminatlon occurred from cooling stresses.

Both alloy combinations were roll welded at 1050°F using aluminum foil for a
diffusion aid. The sheet material and foil were chemically cleaned prior to

welding. These roll welded specimens were successful and exhibited good peel

strength and ductility. Bend and torsion tests were successful without cracking

or delaminatlon. Metallurgical examination showed the joints were void free
and without a detectable intermediate phase. Figure 85 is typical of this roll

welded joint.

DISCUSSION

Based on the limited work conducted in obtaining acceptable roll welding schedules

for the six material combinations the following schedules were selected as the most

satisfactory:

Combination

2219 AI to 321 SS

7106 AI to 321 SS

2219 AI to Ti-5AI-2.5Sn

321 SS to TI-8AI-1Mo-IV

Inconel 600 to Ti-8AI-1Mo-IV

Inconel 718 to 321 SS

Total Ga!

Surface Diffusion Rolling Reductlor

Preparation Aid Temp. I nches

Chemical clean - 850°F .025-.03

Chemical clean - 850°F .025-.03

Abrasive clean - 950°F .025-.03

Chemical clean Aluminum Foil 1050°F .001-.0C

Chemical clean Aluminum Foil 1050°F .001-.0(

Chemical clean - 1600°F .005-..01
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The foregoing roll weld schedules produced welded joints with good strength

and ductility and permitted the alloy combinations to be severely formed with-
out delamination. The rolling temperatures shown above resulted in good

specimen surface finish and permitted easy removal of the retort.
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PHASE V - JOINT EVALUATION

The six alloy combinations were subjected to single lap shear and corrosion tests

to evaluate the properties of the diffusion weld joints. The following describes

the welding procedure which was used and test results of this work.

SINGLE LAP SHEAR TESTS

PRESS WELDED SPECIMENS

Test Conditions

Press welded specimens having the configuration shown in Figure 86 were prepared
for the six alloy combinations using the material in the bare condition and with
diffusion aids.

combination.

•

.

.

.

.

.

Combination

The following list shows the welding conditions used for each alloy

2219 AI/321 SS

(a) Bare Condition

(b) Silver Electroplated

7106 AI/321SS

(a) Bare Condition

(b) Silver Electroplated

2219 AI/Ti-5AI-2.5Sn

(a) Bare Condition

(b) Silver Electroplated

Inconel 600/Ti-8AI-1Mo-IV
(a) Bare Condition

(b) Silver Electroplated

321S S/Ti-8A1-1Mo-IV

(a) Bare Condition

(b) Silver Electroplated

Inconel 718/321SS
(a) Bare Condition

(b) Silver Electroplated

(c) Nickel Electroplated

Surface

Preparation
Chemical Abrasive

X

X

X

X

X
X

X

X

X

X

X
X

X

i

Diffusion Welding
Parameters

TemPerature

940 ° F+ 10° F

500°F

940°F+10°F

500°F

940°F+10°F

500°F

1325°F

700°F

1425°F
700°F

1625°F

600°F
1325°F

Time
=

i

30 min.

2 hrs.

30 min.

2 hrs.

30 min.

2 hrs.

10 min.
30 min.

10 mln.

30 min.

15 min.
30 min

30 min

Env iron me nt
|

Vacuum

Air

Vacuum

Air

Vacuum
Air

Vacuum

Air

Vacuum

Vacuum

Vacuum
Air

Vacuum
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All specimenswere welded in dies containing stopswhich limited the compressive
thinning of the lap joint at 0.003 to 0.006 inches. After welding, all specimens
were removedfrom the die after they hadcooled to approximately500°F. During
sheartesting the silver electroplated specimens containing the Ti-8AI-1Mo-IV
alloy produced very erratic shear test results. Macro-examinatlon of the surfaces

of the failed joint indicated the laying surfaces had been only partially iolned.

Apparently, either the welding temperature was too low or the specimens were
failing during cooling due to the difference in the thermal contraction of the dis-

similar metals in the combination. All silver electroplated specimens containing

Ti-8AI-1Mo-IV alloy were then joined by welding at 700°F and by cooling the

die under pressure until the specimens reached 275°F. This procedure produced
acceptable joint strength and consistency.

Included in this investigation were tests to obtain information on the effect of air

and vacuum environments on the diffusion welding characteristics of electroplated
silver. These tests included welding the Inconel 600 and 321 stainless steel to
Ti-SAI-1Mo-IV combinations in both air and vacuum environments.

After welding, all press welded lap shear specimens were tested at cryogenic

temperatures, room temperature and at elevated temperatures,. The results of this
work are shown in Tables XVIII through XXIII inclusive.

Evaluation of Shear Tests

The results of the shear tests are evaluated for each material combination as
follows:

22!9 Aluminum to 32! Stainless Steel

This material combination produced satisfactory shear strength when welded in the

bare condition. A joint overlap of approximately 0.12 (twice the material thick-

ness) is adequate to produce base metal tensile failures in the 2219 aluminum alloy.

Silver electroplated specimens produced acceptable shear strength at all temperatures.
However, at 500°F the shear strength dropped considerably which indicates this

temperature may be too high for service application. At room temperature and at
elevated temperatures the specimen failed primarily through the silver-to-silver

interface (75%), and at cryogenic temperatures the specimens failed primarily
through the silver-to-aluminum interface (90%). This indicates that some brittle

intermediate phase was present in the diffusion zone on the 2219 aluminum side of
the joint.
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7106 Aluminum Alloy to 321 Stainless Steel

Material in the bare condition normally failed in shear and with the appearance
of a brittle intermediate phase. The occasional base metal failure indicates

that the bare material combinations could be joined in a manner which would

eliminate or minimize the occurrance of this brittle phase by a closely controlled
cleaning and welding procedure.

Silver electroplated material produced acceptable strength at all test temperatures.
The low strength obtained at 500°F indicates this temperature is too high for service

application. All silver electroplated material failed primarily through the silver-

to-silver interface indicating a ductile diffusion zone in the joint.

2219 Aluminum Alloy to Ti-5AI-2.5Sn

Material in the bare condition produced acceptable shear strength at all test

temperatures. A joint overlap of approximately 0.12 inch (twice the material
thickness) is sufficient to produce base metal tensile failures.

Silver electroplated material produced acceptable strength at room temperature

and at -320°F. Silver plated material tested at 300 ° , 500 ° and -423°F temperatures
produced joints having low strength. This is probably caused by thermal stress result-

ing from the difference in thermal expansion of the two alloys.

Further testing is required to determine the cause for the lower shear load capability
at these temperatures.

Inconel 600 to Ti-8AI-1Mo-IV

Specimens welded in the bare condition produced acceptable shear strength at all

test temperatures, Table XXI. The specimen weld joint contained some brittle
intermediate phase which resulted in a progressive shear failure which started when

the load reached approximately 2/3 of the failure load. However, the joint strength
and ductility was sufficient to permit considerable deformation of the joint area during

test and sufficient to produce fairly consistent shear strength at all test temperatures.

Silver electroplated specimens produced satisfactory joint strength at room temperature
and at cryogenic temperature. Elevated temperature te_ts resulted in low and erratic

shear strength. This is believed to be caused by partial fracturing the joint due to
the difference to thermal expansion of the dissimilar metals.
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321 StainlessSteel to TI-8AI-1Mo-IV

Material welded in the bare condition producedacceptable shearstrengthat all
test temperatures,Table XXII. Thiscombinationcontained a joint interface
which wassomewhatmorebrittle than the Inconel600 to Ti-8AI-1Mo-IV
combination. Thisresulted in a progressive shear failure starting at about one-

half ot: the failure load (observed in room temperature tests by audible cracking).

Silver electroplated specimens produced acceptable and consistent shear strength

at cryogenic and room temperature test. At elevated temperatures the silver
electroplated joints exhibited low strength as observed with the Inconel 600 to
Ti-8Al-1Mo-IV combination.

Inconel 718 to 321 Stainless Steel

Material in the bare condition produced acceptable shear strength at all test
temperatures.

Nickel electroplated material was similar to the bare condition except the shear

failure loads were somewhat less. Silver electroplated materials produced good

acceptable strength and consistency at room temperature and at cryogenic temp-
eratures. Testing at elevated temperatures showed a considerable loss in shear
strength, Table XXIII.

ROLL WELDED SPECIMENS

Test Conditions

Single lap shear specimens were prepared for the six alloy combinations. The

materials were joined by roll welding using the argon filled retort and the welding
conditions shown below.

Combi nation

Surface

Preparation
Chemical Abrasive

Diffusion

(Roll) Welding

Temperature

850°F

Diffusion

Aid

None1. 2219 AI/321 SS X

2. 7106 AI/321 SS X 850°F None

3. 2219 AI/Ti-SAI-2.5Sn X 950°F None

4. Inconel 600/Ti-8AI-1Mo-IV X 1050°F Aluminum

(0.005-1n)

5. 321 SS/Ti-8AI-1Mo-IV X 1050°F Aluminum

(0.005-in)

6. Inconel 718/321 SS X 1600°F None
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Thespecimenswere preparedby welding 2 inch x 16 inch stripsasshownin Figure 10
andwere machinedinto shearspecimensasshownin Figure 86. Specimens were

tested at -423°F, room temperature and at elevated temperature• The test conditions
and test results are shown in Table XXIV•

Evaluation of Shear Test

The results of the roll welded shear tests are evaluated for each material condition

as shown below:

2219 and 7106 Aluminum Alloy to 321 Stainless Steel

2219 Aluminum Alloy to Ti-SAI-2.5Sn

Acceptable and consistent shear strength was exhibited at all test temperatures. All

specimens failed by primarily shearing through the aluminum joint, leaving a con-
siderable amount of aluminum on the steel or titanium side of the joint.

Inconel 600 and 321 Stainless Steel to Ti-8AI-1Mo-IV

This combination showed good strength and consistency at all test temperatures. All

specimens failed by shearing through the 0.005 inch thick foil, leaving aluminum

on both material surfaces. Testing at 400°F revealed that the specimen retained a
high proportion of their room temperature shear load capability•

Inconel 718 to 321 Stainless Steel

This alloy showed good strength and consistency at all test temperatures. All shear

failures occurred at the original joint laying surfaces.

DISCUSSION

Evaluation of the foregoing mechanical property test results for both roll and press
welded material revealed the following:

• All roll welded specimens produced excel lent shear strength at all test temp-
eratures. Press welded material combinations which contained a brittle inter-

mediate phase in the joint showed better strength and consistency at elevated

temperature than at cryogenic temperature.

o Press welded silver electroplated specimens do not exhibit satisfactory strength

at elevated temperature, particularly at 400°F and above. It appears that

silver electroplate as a diffusion aid possesses a low shear strength at elevated

temperatures. This coupled with stresses created by materials having a high
difference in thermal expansion (i•e. those containing titanium) result in very
erratic test results•
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Press welded bare material combinations produced joints with usable shear
strength at all test temperatures.

Based on the work conducted in this program the following tabulation shows

the preferred diffusion welding method for each alloy combination for various

temperature environments. In making this selection consideration is given first to
adequate joint strength, second to joint reliability and third to ease of manu-

facturing.

Alloy
Combination

2219 AI to 321 SS

7106 AI to 321 SS

2219 AI to

TI-5AI-2.5Sn

Inconel 600 to

TI-8AI-1Mo-IV

321 SS to

Ti-8AI-1Mo-IV

Inconel 718 to 321 SS

Preferred Material Condition at Indicated

-423 °

Ag
Plate

Ag
Plate

Agl "
Plate

Plate

AgItS"
r_ate

Ag
Plate

-320 °

Ag
Plate

Ag
Plate

Ag
Plate

Ag
Plate

Ag
Plate

Ag
Plate

RT RT

Ag
Plate

Ag
Plate

Ag
Plate

Ag
Plate

Ag
Plate

Ag
Plate

to 300°F

Ag
Plate

Ag
Plate

Ag
Plate

Ag
Plate

Ag
Plate

Ag
Plate

Temperature °F
Above 300°F

Bare

Bare

Bare

Bare

Bare

Nickel
Plate

Critical control of cooling cycle is required.

CORROSION TESTS

Material combinations prepared using the same materlals and welding conditions as

used for shear specimens were subjected to 60 day exposure in a condensing humidity
cabinet. Examination of these specimens after exposure revealed the following:
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PRESSWELDED-BARECONDITION

I • 2219 Aluminum Alloy to 321 Stainless Steel

7106 Aluminum Alloy to 321 Stainless Steel
2219 Aluminum Alloy to Ti-5AI-2.5Sn Alloy

The aluminum side of the joint was discolored during the exposure. Corrosion
at the joint interface occurred to some degree on all specimens, resulting in

a 5 to 10% decrease in joint shear area. An example of this corrosion is shown

in Figure 87a. Slight pitting of the aluminum was observed. This test shows
that the joint area should be protected if the welded joints are to be subjected
to moisture during use.

2. Inconel 600 to Ti-8AI-1Mo-IV
321 Stainless Steel to Ti-8AI-1Mo-IV

These combinations did not discolor measurably during the exposure. Exami-

nation of the joint area at 500X magnification revealed evidence of slight
corrosion at the joint interface, Figure 87b. From this test it appears that

these dissimilar metal joints may require protective coatings if exposed to
moisture.

3. Inconel 718 to 321 Stainless Steel

No corrosion was detected on this material combination.

PRESS WELDED-DIFFUSION AIDS

1. 2219 Aluminum Alloy to Ti-SAI-2.5Sn
2219 Aluminum Alloy to 321 Stainless Steel

The 2219 was severely discolored and contained slight pitting. No corrosion

occurred on the opposite side of the joint or in the silver plated joint area.

This test shows protective coatings are required if these material combinations
are exposed to moisture.

2. 7106 Aluminum Alloy to 321 Stainless Steel

A small amount of discoloration was detected on the base metals of the 7106

aluminum alloy• No corrosion was detected on any of the silver plating or

joint areas. From this test it appears this material combination may require

protection if exposed to conditions involving moisture.
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. inconel 600 to Ti-8AI-1Mo-IV
321 Stainless Steel to Ti-8AI-1Mo-IV

Inconel 718 to 321 Stainless Steel

None of the specimens exhibited discoloration or corrosion on any part of the
base metal, silver plating, nickel plating or joint areas. From these tests it

appears that the foregoing material combinations may be exposed to moisture
without joint protection.

ROLL WELDED

• 2219 Aluminum Alloy to 321 Stainless Steel
7106 Aluminum Alloy to 321 Stainless Steel

2219 Aluminum Alloy to Ti-5AI-2.5Sn

The aluminum alloy side of the joints were slightly discolored during exposure.
Contrary to the press welded specimens little or no evidence was found of

corrosion entering the laying surfaces of the joints. Apparently the roll weld-

ing process is fast enough to prevent the formation of an intermediate phase
such as FeAI 3, which was believed to accelerate the corrosion of the press
welded specimens. However, under extended exposure corrosion of the aluminum
may be expected.

o Inconel 600 to Ti-8AI-1Mo-IV

321 Stainless Steel to Ti-8AI-1Mo-IV
Inconel 718 to 321 Stainless Steel

These alloys did not exhibit corrosion or discoloration on any part of the base
metal or joint faying surfaces.

DISCUSSION

The corrosion testing conducted in this work indicates that corrosion will occur on any
dissimilar metal joint. However, the amount may be tolerable on the Inconel 718 to

321 stainless steel and on roll welded specimens containing Ti-8AI-1Mo-IV alloy
(aluminum foil interface) for many production applications.

All combinations containing 2219 or 7106 aluminum alloys require protective coat-
ings if exposed to high humidity or moisture.

Inconel 600 and 321 stainless steel (bare) to Ti-8AI-1Mo-IV combinations require a
protective coating to prevent corrosion at the joint interface.

Silver electroplating completely protects the joint area from corrosion. However,
silver accelrates the corrosion of the base metals.
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PHASEVI - PROJECTIONOF DIFFUSIONWELDING APPLICATIONS

Thissection of the report summarizesa designstudyand limited hardwareevaluation
of the potential applicationsof diffusion welding asdeveloped in this program.

DESIGN STUDY

A study was conducted to determine applications where the joining of dissimilar

metals by diffusion welding would prove to be an advantage in aerospace design
concepts. A survey of various engineering design groups within The Boeing Company

revealed the following areas where dissimilar metal joints are being considered.

CRYOGENIC TANK DESIGN

• Transition joints are required in tubing lines which carry cryogens. These

joints are needed primarily to provide design flexibility in choosing the best
materials (based on total system weight and heat loss) for the pressure vessel,

plumbing lines and outer vacuum shell. In providing electrical pass throughs,
plumbing inlet and outlet lines and vacuum gages, the following alloy com-
binations are needed:

a) 2219 aluminum alloy to 321 stainless steel

b) 2219 aluminum alloy to titanium alloys

c) Stainless steel to titanium alloys

d) Inconel 718 to stainless steel or 2219 aluminum alloy

In the foregoing applications the dissimilar metal joints must be pressure and

vacuum tight and operate at a temperature of 150°F to -423°F.

. Cryogenic lines located within a vacuum jacket must be attached to heat shields

to develop the lowest possible heat leak rate. In this application aluminum

alloys will be joined to steel or titanium tubing.

SPACE ANTENNA DESIGN

In the design of space antennas dissimilar metals are required for the purpose of con-
trollilng heat flow from the hot side to the cold side of the structure. In this application

metal strips having high conductivity (copper or silver) are required to be joined to
aluminum or nickel alloys. The joints must provide high conduction and operate in a

temperature range of 180°F to -300°F.
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SPACEPROBEDESIGN

SpaceprobessuchasVoyager, aredesignedto providean internal temperaturewhich
will remainwithin a closely controlled operatingrange.

Dissimilarmetals joints are requiredat contact points betweenthe outer shell and
inner structure. Materials are presentlyused,dependingon performancerequire-
ments,which will increaseor decreaseheat flow to the inner structure.

SPACEVEHICLEDESIGN

Studiesare being conductedfor the useof titanium to beryllium, aluminumto
beryllium and stainlesssteel to beryllium for spacestructures. Theberyllium is
desirablefor its stiffnessin load carrying structureand for meteoroidshielding in
extendedspacemissions. In theseapplications thedissimilar metal joint only
carries a moderateload, but mustwithstandthermalstressesfrom an operating temp-
erature rangeof 500°F to -320°F.

SUPERSONICTRANSPORT

Titanium alloys are usedalmostexclusively in thedesign for the proposedsupersonic
transport. Designstudiesindicate that the joining of steelalloys to titanium alloys
is desirable for variousmechanicalparts requiringsleevesfor antifriction bearings.

AIRCRAFTSTRUCTURES

Considerationhasbeengiven in the past for the useof steel clad aluminumalloys in
applications wherestructural stiffness and fire protection is required.

From the foregoing survey it is apparent that designers have many potential appli-
cations for the use of dissimilar metal joints. However, in many cases they have

not considered diffusion welding because a manufacturing process is not known or
available to them° The manufacturing and testing of simulated hardware must be

conducted to provide the necessary process verification and design data for future
dissimilar metal joining applications.

PROTOTYPE HARDWARE

The foregoing study revealed that the major current need for dissimilar metal joints

is in the construction of cryogenic storage systems. Accordingly, prototype parts
were fabricated to simulate the cryogenic heat shield and the tubular transition

joints discussed in fl_e foregoing section. The purpose of this work was to adapt the
laboratory processes to production and, in the case of the tubular joints, provide a

test article which could be evaluated by helium leak and thermal shock tests. The

following describes the manufacturing and testing of these parts:
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CRYOGENIC HEAT SHIELDS

Stainless steel tubing having a 0.375-inch diameter and an 0.030-inch wall was

joined to 1100 aluminum alloy sheet having a thickness Of 0.010-inch. Both the

stainless steel and aluminum alloy were silver electroplated prior to joining. The
parts were joined using a hot die riveting machine having the dies formed to
support the tube and provide a welding contact area as shown in Figure 88. The

die length was one-inch and die temperature was 800°F. Welding time and

pressure was adjusted (or determined by peel test) until satisfactory welds were
obtained. For this application 50% welding of the joint area is adequate for

strength and heat conduction. A welding time of approximately one minute was

required to produce a satisfactory weld. From this work it appears that in pro-
duction applications, tooling could be provided for the economical production
diffusion welding of heat shield assemblies.

TUBULAR JOINTS

The six material combinations investigated in the experimental program were joined
by diffusion welding to produce tubular joints having a 0.500-inch inside diameter.

The joints were prepared having a 7 degree taper as shown in Figure 89 and were
welded using differential expansion tooling, Figure 89. The external member of

the tubular joint was cooled to -320°F and inserted into the die having a temperature

of 250°F. Then the internal member was inserted into the taper using a light pressure

(100 Ibs). The joint was then welded at the desired time and temperature, Table XXV.

After welding, the dissimilar metal joint was chilled with LN 2 while the die remained
hot and then removed using a light pressing force (hand arbor press). The dissimilar
metal joints were then machlned to the configuration shown in Figure 90 and were
subjected in helium leak and thermal shock tests. After these tests extensions were

welded to the tubular joints and then tensile loaded to failure. The results of these

tests, Table XXV, show that diffusion welded joints were produced in all material
combinations which were helium leak tight before and after thermal shock tests. In

the tensile tests all joints failed in the specimen base metal leaving the diffusion
welded joint intact.

The Boeing Company Manufacturing Development Group used the diffusion welding
concepts developed in this program to produce one-half and one-inch diameter 2219

aluminum alloy to 321 stainless steel joints. Silver electroplatlng was used for a

diffusion aid. Tooling and parts were designed to give a rapid, economical and
reliable welded joint. A split die was used for the outer steel restraining ring. The
outer 2219 aluminum alloy tube was machined with a straight outside diameter and

base. The internal 321 stainless steel tube was machined with a straight outside

diameter and with a tapered (Morse) inside diameter. Parts were assembled at room

temperature and stainless steel pin (Morse taper) was pressed into the stainless steel
tube using a predetermined hydraulic pressure. After welding the pin was pressed

from the assembly and the welded part removed by opening the die. Figure 91 shows
a cross section of the welded parts. Helium leak, thermal shock tests and metal-

lurgical examination of these joints showed a completely welded joint can be
reliably produced using the foregoing procedures.
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TABLE III

HARDNESS OF AS-RECEIVED BASE MATERIALS*

Material

2219 Aluminum Alloy

Condition VHN

Hardness

(-T6) Solution
Treated and Aged

121

RB

8O

RC

7106 Aluminum Alloy (-T6)Solution
Treated and Aged 120 67 --

321 StainlessSteel
Annealed 142 7 5 --

Ti- 5AI-2.5Sn Annealed 308 -- 31

Ti-8AI-1Mo-IV Duplex Annealed 330 -- 33

Inconel 600 Annealed 180 87 --

Inconel 718 Annealed 185 89 --

*Vickers Hardness Tester with 10 Kg load.
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TABLE XVIII SUMMARY OF SINGLE LAP SHEAR TEST RESULTS

2219 Aluminum Alloy to 321 Stainless Steel

Test No.

545

546
547
548

549
55O

774

775
776

777
778
779

780
781

782

783
784

785

786
787
788

789
790

791

792

793
794

795

796
797

798
799
8OO

801

8O2
8O3

Test (_onditions Test Results

Weld [_ Joint
Interface Overlap

Preparation Inches

Bare

Bare '

Bare

Bare

Bare

Silver
Plated

Silver

Plated

Silver
Plated

Silver
Plated

Silver
Plated

0.10

O.10
0.20
0.20

0.30
0.30

0.12
0.10

0.12

0.15
O.12

0.12

0.15

0.10
O.12

0.10

0.10

0.10

0.14
0.12

0.23
0.20

0.28
0.32

0.22
0.24

0.22

0.22
0.22

0.24

0.21
0.20

0.20

0.24
0.23

0.26

Shear Tensile

Test Shear Failure Stress

Temp. Load Stress in 2219 AI

OF Ibs. psi psi

RT

+300

+5OO

-320

-423

RT

+300

+5OO

-320

-423

1650
1550
1720

1700
1750

1675

1150
1050

980

80O

850
860

900

1020
IO80

1500

1500

1475

!i25
!!70
1950

1480

2080
2300

1440

1600
1680

900
760

1000

1460
1700
1760

45O0
3750

2850

13,200

2,400

7,660
8,400

6,530

10,160

8,160
7,200

12,000
12,000

11,800

6,420
7,800
6,960

5,920
5,940

5,750

5,230

5,380

23,570
22,140

24,570
24,280

25,0OO
23,930

15,750

14,380
13,400

10,950

il,640
11,780

26,000

13,970
14,790

20,540

20,540

20,200

15,4OO

16,000
26,700
20,270

28,490
31,500

19,720

21,910

6,100 23,000

3,270 12,320

2,760 IO,410
3,360 13,690

5,610 20,000

6,800 23,280
7,040 24,100

60,810
50,670

38,500

15,0OO

13,060
8,900

2219 AI was -0.059 inch thick and was in the T6 condition prior to welding.

321 SS was 0.081 inch thick and in the annealed condition.

Bare material was chemically cleaned and welded at 950°F - 30 min.

Silver plated material was abrasively cleaned and welded at 500°F - 2 hours.

Failure

Mode

Shear + Tensile

Shear
Tensile
Tensile

Tensile

Tensile

Shear "
Shear

Shear

Tensile
Tensile

Tensile

Shear + Tensile

Shear
Shear

Shear

Shear
Shear

Shear
Shear
Shear

Shear
Shear

Shear

Shear

Shear
Shear

Shear
Shear

Shear

Shear

Shear
Shear

Shear

Shear
Shear
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TABLE '_ SUMMARY OF PRESS WELDED SINGLE LAP SHEAR TESTS

7106 Aluminum Alloy to 321 Stainless Steel

Test No.

55i
552

553
554

555

8O4

8O5
8O6

807
8O8

8O9

810

811

812

813

814
815

816
817
818

8!9
820

821

822
823

824

825

826
827

828

829

830

83i
832

833

t>

Test Conditiom
|

Weld [_ Joint
I nterface Overlap

Preparation Inches

Bare

B ore

Bare

Bare

Bare

Silver

Plated

Silver
Plated

Silver

Plated

Silver

Plated

Silver

Plated

0.12
0.12

0.20

0.20
0.29

0.35

0.20

0.20
0.18

0.22

0.18
0.20

0.22

0.22

0.20

0.20

0.20
0.20

0.12

0.10
0.22
0.23

0.32
0.34

0.22
0.22
G.24

0.24

0.22
0.24

0.20

0.25
0.23

0.27
0.25
0.24

Test

Temp.
oF

RT

+300

+500

-320

-423

RT

+3O0

+500

-320

-423

Shear
Load

Ibs.

1400
1525

1420

2140
1620

1900

1570
1480

1260

1020

800
88O

1010
1125

980

1675
1685

1750

1760
1320
2250

2530
280O

2900

1810
1600

1650

770
950

830

3280

3110

3360

5760
6150

6250

Test Resul_
Shear Tensile

Failure Stress
Stress in 7106 AI

psi psi

9,720 18,660
10,590 20,300

5,680 18,890
8,560 28,530

4,470 21,600

4,350 25,330

6,280 20,930
19,730

5,600 16,800

- 13,600

3,550 10,660
- 11,730

3,670 13,460
4,090 15,000

3,920 13,060

6,700 22,330

6,740 22,460
7,000 23,300

11,730 23,460
10,560 17,600
8,180 30,000

8,810 33,730
7,000 37,330

6,900 38,660
6,580 24,130
5,810 21,330
5,500 22,000

2,560 10,260

3,450 12,660

2,760 il,060

13,120 43,730

9,960 41,460

il,700 44,800

- 76,660

19,710 82,000
20,830 83,330

Failure

Mode

Shear
Shear

Shear
Shear

Shear

Shear

Shear + Tensile
Tensile

Shear

Tensile
Shear

Tensile

Shear
Shear

Shear

Shear

Shear
Shear

Shear
Shear

Shear
Shear
Tensile

Tensile

Shear
Shear

Shear

Shear
Shear

Shear

Shear
Shear

Shear

Grip
Shear

Shear

710( AI - .O60 inch thick and in the T6 condition@rior to welding.

32 SS - .081 inch thick and in the annealed condition.

Bare material was chemically cleaned and welded at 950°F - 30 rain.

Silver plated material was abrasively cleaned and welded at 500°F - 2 hours.
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TABLE _ SUMMARY OF PRESS WELDED SINGLE LAP SHEAR TESTS

[_ 2219 Aluminum Alloy to Ti-SAI-2.5Sn Titanium Alloy

Test Conditions

Test No.

557

558
559

560
561

562

834

835
836

837

838
839

84O
841
842

843
844

845

846
847

848

849
850
851

852
853

854

855

856
857

858

859
860

861

862

863

Weld J_
Interface

Preparation
II I I i I I

Bore

Bare

Bare

Bare

Bare

Silver
Plated

Silver

Plated

Silver
Plated

Silver
Plated

Silver

Plated

Joint Test Shear

Overlap Temp. Load
Inches °F Ibs.

0.10 1400
0.12 1640
0.12 1775
0.20 RT i 850

0.30 1820

0.30 1940

0.10 1210

0.10 +300 930
0.08 910

0.10 740

0.09 +500 " 700

0.10 820

0.12 980
0.10 -320 1200
0.10 1310

0.14 1300

0.10 -423 750
0.10 6O0

0.12 1300
0.11 1310

0.22 1520
RT

0.20 1500
0.32 2240
0.33 2400

0.23 780
0.18 +300 530
0.22 1250

0.20 280

0.22 +500 380
0.18 100

0.24 1790
0.22 -320 1400

0.23 1280

0.21 675

0.22 -423 690

0.23 725

Test Resul ts
Shear Tensile

Failure Stress
Stress in 2219 AI

psi psi

I I ,200 20,000
10,930 23,420

- 25,350
- 26,420
- 26,000

- 27,700

Failure

Mode

Shear
Shear + Tensile

Tensile

Tensile
Tensile

Tensile

9,680 16,570 Shear
7,440 12,730 Shear

9,100 12,460 Shear

5,920 10,130

6,360 9,580
6,560 11,230

6,530 13,420
9,600 16,430

- 17,940

7,420 17,330
6,000 10,130

4,800 8,100

8,660 17,800
9,560 17,940

5,520 20,820
6,000 20,540

5,600 30,680
5,850 32,870

Shear e Tensile
Shear + Tensile
Shear + Tensile

Shear
Shear

Grip

Shear
Shear
Shear

Shear
Shear
Shear

Shear
Shear
Shear

2,700 10,680 Shear

2,370 7,260 Shear
4,540 17,120 Shear

!,120 3,830 Shear
1,380 5,200 Shear

440 1,360 Shear

5,960 24,520 Shear
5,090 19,170 Shear

4,460 17,530 Shear

2,570 9,240 Shear

2,500 9,450 Shear
2,520 9,930 Shear

cleaned and welded at 500°F - 2 hours.

2219 AI - 0.059 inch thick -T6 condition prior to welding.
TI-SAI-2.5Sn - 0.54 inch thick - annealed condition.

Bare material abrasively cleaned and welded at 950°F - 30 min.

Silver plated material abrasively
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TABLE SUMMARY OF PRESS WELDED SINGLE LAP SHEAR TESTS

[j_ lnconel 600 Alloy to TI-8AI-IMo-IV Titanium Alloy

Test Conditions

Test No.

563

564
565

566
567

568

864

865

866

867
868
869

87O

871

872

873
874

875

876

877
878

879

88O
881

882
883
884

885
886
887

888

889
890

891

892
893

Weld
Interface

Preparation

Bare

Bare

Bare

Bare

Bare

Silver

Plated

Silver
Plated

Silver
Plated

Silver

Plated

Joint Test

Overlap Temp.
Inches °F

0.12
0.11

0.32
0.35

0.50
0.50

0.52
0.52

0.48

0.20

0.16
0.10

0.52

0.45
0.52

0.53
0.53

0.50

0 .vgv
0.12

0.18
0.24

0.30
0.28

0.22

0.24
0.25

0.20
0.25

0.24

0.24
0.24
0.22

RT

+400

+8OO

-320

Test Results

Silver

Plated

0.22
0.20

0.24

Shear Tensile
Shear Failure Stress in

Load Stress Ti-8AI-1Mo-IV Failure

Ibs. psi psi Mode

1900 12,600 24,510 Shear

1790 13,060 23,090 Shear
3970 9,920 51,220 Shear

5430 12,420 70,060 Shear
4350 6,690 56,130 Shear

4950 7,920 63,870 Shear

5350 - 74,300 Grip

4750 - 65,970 Grip

4650 - 64,580 Grip

2905 16,200 40,340 Shear

2315 11,570 32,150 Shear
1320 10,560 18,330 Shear

3450 5,310 47,260 Shear

3150 5,630 43,150 Shear
3600 5,380 49,310 Shear

1625 2,460 22,560 Shear
-423 2925 4,430 40,620 Shear

2650 4,410 36,800 Shear

980 8,900 13,610 Shear
1210 8,060 16,800 Shear

2150 9,970 29,860 Shear
RT

2510 8,360 34,860 Shear

2700 7,290 37,500 Shear
2900 8,280 40,270 Shear

200 740 2,780 Shear
+400 170 560 2,360 Shear

440 1,400 6,110 Shear

Failed - - Shear
+800 with nc - - Shear

load - - Shear

2910 9,700 40,400 Shear

-320 3110 10,360 43,190 Shear
2850 10,550 39,500 Shear

1625 5,900 22,260 Shear

-423 1625 6,500 22,260 Shear

1700 5,660 b3,280 Shear

Inconel 600 - 0.062 inch thick - annealed condition

Ti-8AI-1Mo-IV - 0.058 inch thick - annealed condition

Bare material abrasively cleaned and welded at 1300°F - 10 mln.
Silver plated material abrasively cleaned and welded at 700°F - 30 min.
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TABLE

Test No.
,i ,

569

57O

571

572

573

574

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

92!

922

923

SUMMARY OF PRESS WELDED SINGLE LAP SHEAR TESTS

321 Stainless Steel to Ti-8AI-IMo-IV Titanium Alloy

Test Condi tions Test Results

Shear

Joint Test Shear FailureWeld

Interface Overlap Temp. Load Stress

Preparation Inches °F Ibs. psi

0.10 1420 1 ,360

0.09 1300 11,600

0.33 2950 7,160
Bare RT

0.30 2775 7,400

0.53 3250 4,910

0.50 3260 5,120

0.54 3875 5,740

Bare 0.50 _400 2940 4,700

0.50 2780 4,400

0.18 1670 7,590

Bare 0.20 _800 3320 13,200

0.20 3240 12,900

0.54 1590 2,350

Bare 0.52 -320 2710 4,160

0.56 2050 2,920

0.53 3200 4,840

Bare 0.58 -423 2100 2,910

0.52 1625 2,500

0.07 740 8,500

0.15 1840 10,220

Silver 0.22 2010 7,440
RT

Plated 0.20 2150 8,600
0.26 2740 8,560

0.29 3190 8,860

0.20 150 600
Silver

0.20 _400 770 3,080
Plated O.20 150 6OO

0.16 Failed -
Silver

0.20 _800 with -

Plated 0.20 no load -

0.25 2960 9,480
Silver 0.25 -320 3160 10,120

Plated 0.22 3140 ll,410

0.25 3300 10,570
Silver

0.21 -423 3750 14,300
Plated 0.25 3050 9,750

Tensile

Stress in

TI-8AI-1Mo-IV

psi

19,580

17,930

40,690

38,270

44,830

44,960

53,080

40,270

38,080

23,010

46,010

45,000

21,780

37,120

28,080

44,440

29,160

22,560

10,270

25,550

27,910

29,860

38,050

44,300

2,050

10,540

2,050

Failure

Mode

Shear

Shear

Shear

Shear

Shear

Shear

Shear

Shear

Shear

Shear

Shear

Shear

Shear

Shear

Shear

Shear

Shear

Shear

Shear

Shear

Shear

Shear

Shear

Shear

Shear

Shear

Sheal

40,540

43,280

43,010

45,200

51,360

41,780

Shear

Shear

Shear

Shear

She ar

Shear

Shear

Sheal

She_._l

321 SS - 0.081 inch thick - annealed condition.

"ii-8Al-IMo-IV - 0.058 inch thick - annealed condition.

Bare matter ial abrasively cleaned and welded at 1450°F - 10 rain.

Silw;r plated matelial abrasively cleaned and welded al 700°F - 30 rain.
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TABLE SUMMARYOF PRESSWELDEDSINGLE LAPSHEARTESTS

[]_ Inconel 718Alloy to 321StainlessSteel

Test No.

575

576
577

578
579

58O

924
925

926

927

928
929

930
931

932

933

934
935

936
937

938
939

940
941
942

943
944

945

946
947

948

949
95O

951

Weld
Interface

Preparation

Bare

Bare

Bare

Bare

Bare

Silver

Plated

Silver

Plated

Silver

Plated

Silver

Plated

Silver

Plated

Test Conditions Test Results

Joint

"Overlap
Inches

,

0.10

0.10
0.22

0.21
0.31

0.30

0.24
0.23

0.20

0.22

0.25
0.20

0.20

0.32
0.20

0.20

0.20

0.20

0.16
0.14

0.32
0.30

0.22
0.22
0.20

0.24
0.18
0.20

0.25
0.23

0.22

0.20
0.22

0.18

Test Shear

Temp. Load
OF Ibs.

525O

4950
6260

RT
6430
7075

6910

6280
+400 5570

7540

7210

+800 5260
6410

-320

-423

RT

+400

+800

-320

-423

5830

6020
7070

6375

6750
7550

2400

2210
3610

2850

52O

90O
990

2OO

2O
8O

2580

1850
2040

3300

3475
3100

Shear Tensile

Failure Stress in
Stress Inca 718

psi psi

42,000 70,000
39,600 66,000
22,760 83,460

24,540 85,730
18,280 94,330

18,420 92,130

- 83,330
- 74,260

30,160 100,050

26,700 96,130

- 70,130
- 85,460

- 77,700
- 80,260

28,280 94,260

25,500 85,000

27,000 90,000
- 100,600

12,000 32,000

12,620 29,460
9,020 48,130

7,600 38,000

1,890 6,930
3,270 12,000

3,960 13,200

600 2,660
90 260

320 1,060

8,320 34,400

6,610 24,660
7,550 27,200

13,200 44,000
12,630 46,330

13,770 41s330

Failure

Mode

Shear

Shear
Shear
Shear

Shear
Shear

Grip
Grlp
Shear

Shear

Grip

Grip

Grip

Grip
Shear

Shear

Shear

Grip

Shear

Shear
Shear

Shear

Shear
Shear

Shear

Shear
Shear

Shear

Shear

Shear
Shear

Shear
Shear

Shear

Continued
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TABLE _nl_. SUMMARY OF PRESS WELDED SINGLE LAP SHEAR TEST (Cont'd)

D_>lnconel 718 Alloy to 321 Stainless Steel

Test No.

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

Test Condi tions Test Results

Weld J_
Interface

Preparation

Nickel

Plated

Shear Tensile

Joint Test Shear Failure Stress in

Overlap Temp. Load Stress Inco 718 Failure

Inches °F Ibs. psi psi Mode

0.16 3860 19,300 51,460 Shear

0.18 4630 21,040 61,730 Shear
0.32 RT 6570 16,420 87,600 Shear

0.35 6950 15,790 92,660 Shear

0.21 3800 - 51,660 Grip

0.15 _400 3320 18,440 44,260 Shear

0.18 3780 17,180 50,400 Shear

0.20 2210 8,840 29,460 Shear

0.20 f800 2850 11,400 38,000 Shear

0.20 2600 10,400 34,660 Shear

0.22 5425 20,000 72,330 Shear

0.22 -320 5080 18,140 67,730 Shear

0.24 4690 15,630 62,530 Shear

0.20 5250 21,000 70,000 Shear

0.20 -423 5975 23,900 79,660 Shear

0.20 6825 27,300 91,000 Shea,

Nickel

Plated

Nickel

Plated

Nickel

Plated

Nickel

Plated

Inconel 718 - 0.060 inch thick - annealed condition.
321 SS - 0.081 inch thick - annealed condition.

Bare material abrasively cleaned and welded at 1600°F - 30 min.

Silver plated material abrasively cleaned and welded at 600°F - 30 min.

Nickel plated material abrasively cleaned and welded at 1300°F - 30 min_
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Test No.

TABLE XX]_V..- SUMMARY OF ROLL WELDED SINGLE LAP SHEAR SPECIMENS

Test Conditions Test Results

Shear Tensile
Joint Test Shear Failure Stress

Material _ Size Temp. Load Stress in AI Alloy Failure

Combination Inches °F Ibs. psi psi Mode

968-1

-2
-3
-4

-5

-6

-7
-8

-9

-10
-!1
-12

969-1

-2
-3
-4

-5
-6

-7
-8

-9
-10

-11
-12

970-1
-2
-3

-4
-5

-6
-7

-8
--9

.12 x .70 1250 14,880 17,850 Shear

.10 x •95 1450 15,260 15,260 Shear

.10 x I .0 RT 1240 12,400 12,400 Shear

. I0 x .95 1325 13,940 13,940 Shear
2219 AI .15 x 1.0 2070 13,800 20,700 Shear

.080x ! .0 1280 16,000 12,800 Shear
to ,,,

• 10 x .95 1200 12,630 12,630 Shear
321 SS .10 x .95 +300 1560 16,420 16,420 Shear

.10x i.0 1390 13,900 13,900 Shear

• 080x 1.26 3200 32,000 25,390 Shear
.10 x 1.25 -423 3475 _. 27,800 Tensile

.10 x 1.25 3275 26r200 Tensile

• 10 x .85 1420 ii6,700 17,750 Shear
.11 x .7 1470 !19,090 22,270 Shear

• 10 x .65 1320 120,30o 21,630 Shear
.10x 1.2 RT 2350 1"9,580 20,600 Shear

.09 x 1.1 2150 21,700 20,670 Shear7106 AI
• 10 x .70 1250 17,850 19,940 Shear

to .10x .97 1830 8,860 14,890 Shear

1,1,, 117,440 !8,380 Shear321 SS .10 x .98 +300 7 n
.lOx 1.0 1700 17,000 17,890 Shear
• 10 x 1.23 2975 24,180 25,640 Shear
• I0 x 1.25 -423 3250 26,000 27,540 Shear

.lOx 1.25 3700 29,600 31,350 Shear

• 10 x .98 2270 23,160 23,160 Shear

• 10 x .98 RT 2230 - 22,750 Tensile

2219 AI .10 x .98 2460 - 25,100 Tensile
• 10 x .92 2150 23,360 23,360 Shear

to .10 x .94 +300 1950 20,740 20,740 Shear

10 x .94 2160 22,970 22,970 ShearT i-5AI-2.5Sn
10 x 1.2 1200 10,000 10,000 Shear

10 x ! .2 -423 1275 10,600 10,600 Shear

10 x 1.2 1375 11,450 11,450 Shear

2219 AI - 0.100 inches thick, 321 SS-0.080 inches

rolled at 850°F, argon atmosphere•
thick, material chemically cleaned,

7106 AI - 0.095 inches thick, 321 SS - 0.080 inches thick, material chemically cleaned,
rolled at 850°F, argon atmosphere.

2219 AI - 0.100 inches thick, Ti-5AI-2.5Sn- 0.054 inches thick, material abrasively
cleaned, rolled at 950°F, argon atmosphere.

85



TABLE XXIV..- (Cont'd)

Test No.

971-1
-2
-3

-4
-5

_6
-7

-8
-9

-10
-11
-12

972-1

-2

-3
-4
-5

-6

-7
-8
-9

973-1

-2
-3

-4
-5

-6

-7
-8
-9

-10
-11

-12

Test Conditions

Material [_
Combination

321 SS

to

Ti-8AI-1Mo-IV

Inconel 600

to

Ti-8AI-1Mo-iV

321 SS

to

Inconel 718

Joint

Size
Inches

.10x 1.3

.10x 1.3

.32 x I.I

.30 x I.25

.55 x I.2

.50 x I.2

.50 x i .2

.50 x 1.2

.50x !.!

.50 x 1.2

.50x 1.2

.50x 1.22

.52 x ! .2

.50 x i .2

.50x 1.2

.48 xl. 18

.50 xl. 18

.50 x 1.2

.50xi. 15

.50x 1.2

.50xi .18

• !0 x .92
• I0 x .90

.10x .90
• I0 x .67
• 10 x .67

.lOx T67

.10x .95

i. 10 x .95

• I0 x _95
• 10 xl .25
• i0 xl .25

.10xl.25

Test Results
Tensile

Shear Stress in
Test Shear Failure Titanium

Temp. Load Stress or Inco 718 Failure
°F Ibs. psi psi Mode

I i|l

1140 8,760 15,000 Shear

1110 8,530 14,600 Shear
2300 6,530 35,930 ShearRT
3100 8,260 42,460 Shear
4500 6,810 64,280 Shear
4230 7.050 60.420 Shear

3830 6,380 54,700 Shear
+400 3370 5,610 48,140 Shear

3330 6,050 51.230 Shear
6125 10,410 87,500 Shear

-423 4350 7,250 62,140 Shear
4400 7,210 61,160 Shear

5890 9,500 84,140 Shear
RT 5270 8,780 75,280 Shear

5090 8.480 72.700 Shear

3880 6,920 56,230 Shear
÷400 2850 4,850 41,300 Shear

3790 6,360 _4,_40 Shear
3250 5,700 48,500 Shear

-423 5150 8,580 73,570 Shear
3450 5,840 50,000 Shear

3980 43,260 76,530 Shear
3700 41,110 72,540 Shear

RT 4880 54,220 95,680 Shear
3050 45,500 80,260 Shear

2790 41,640 73,420 Shear

2910 43,430 _6,57 Q _hear
4330 45,570 80,180 Shear

+800 4470 47,000 82,700 Shear
3570 37.570 89.250 Shear + Tensile

8025 64,200 113,000 Shear
-423 6825 54,600 96,120 Shear

7500 60,000 105,630 Shear

321 SS - 0.080 inches thick, Ti-8AI-IMo-IV - 0.059 inches thick, aluminum foil interleaf

0.005 inches thick, material chemically cleaned, rolled at 1050°F, argon atmosphere.

Inconel 600 - 0.060 inches thick, Ti-8AI-IMo-IV - 0.059 inches thick, aluminum foil Inter-

leaf 0.005 inches thick, material chemically cleaned, rolled at 1050°F, argon atmosphere.

321 SS - 0.077 inches thick, Inconel 718 - 0.057 inches thick, material chemically cleaned,

rolled at 1650°F, argon atmosphere.
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500X 2A2OS7 33 

FIGURE 2: MICROSTRUCTURE OF 2219-T6 ALUMINUM 
ALLJOY IN THE AS-RECEIVED CONDITION. 

ETCHED 

50OX 2A2OG73 5 

FIGURE 3: MICROSTRUCTURE OF 7106-T6 ALUMINUM 
ALLOY IN THE AS-RECEIVED CONDITION. 

ETCHED 
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500X 2A206727 

FIGURE 4: MICROSTRUCTURE O F  AIS1 321 STAINLESS 
STEEL IN THE AS-RECEIVED (ANNEALED) 

CONDITION. ETCHED 

5OOX 2A206731 

FIGURE 5: MICROSTRUCTURE O F  Ti-5Al-2.5Sn TITANIUM 
ALLOY IN THE AS-RECEIVED (ANNEALED) 

CONDITION. ETCHED 
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500X 2A206729 

FIGURE 6: MICROSTRUCTURE OF Ti-8A1-1Mo-1V 
TITANIUM ALLOY IN THE AS-RECEIVED 
\uu ‘ n r ~ n ~  r YUI I  v y  PNNPALED) 1- .- .1 CONDITION. ETCHED 

500X 2A206737 

FIGURE 7: MICROSTRUCTURE OF INCONEL 600 ALLOY 
IN THE AS-RECEIVED (ANNEALED) CONDITION. 

ETCHED 
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500X 2A206740 

FIGURET 8: MICROSTRUCTURE OF INCONEL 718 ALLOY 

ETCHED 
IN THE A S-RECEIVED (ANNEALED) CONDITION. 
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/

Thermocouple Measures
_I Temperature at Retort

Upper Surface

/.I

\ \

'\\

\ \

\\

_ Thermocouple Located
in Press Die

Press Ram
15,0000 Pound Capacity

- Retort.Cover
0.008 Thick

FIGURE 9: RETORT AND PRESS CONFIGURATION
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FIGURE 11: ROLL WELDING FACILITY 
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125X 2A 20 6 56 9 
#193 1000°F/5.5 ksi/60 min. 

The 7106 aluminum alloy to 321 stainless steel specimen 
failed during thermal shock. The above DhotograDh shows 
the interface of the 7106 after bending to 0.25 inch radius 
The fine horizontal l ines are shallow surface cracks caused 
by bending. The broad vertical  lines were believed to be 
caused by abrasive cleaning p r io r  to welding. 

FIGURE 12: PHOTOGRAPH SHOWING THE SURFACE OF A 
7106 ALUMINUM ALLOY SPECIMEN WHICH HAD 
FAILED BY THERMAL SHOCK AFTER BENDING 
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3 5x 2A206815 

#211 1600°F/17.5 ksi/60 min. 

After peeling, a thin metallic layer  was  found 
on the interface surface of the 321 stainless 
steel. The above photograph shows where a 
smaii section of tine phase was reiiioved by 
adhering to the Inconel 718 during peeling. 

FIGURE 13: PHOTOGRAPH SHOWING THE SURFACE OF 
321 STAINLESS STEEL AFTER PEELING 

FROM THE INCONEL 718 ALLOY 
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100

N

o_

Before After
Welding Welding

Specimen Size - 1.0" x 1.25"

o_

,.f

•" jJ

jJ ," /

/

/s

/ 1 .
m _,f

/..j .._I

...........l................i............

I

I

i I
1000*F - 7.5 KSI

• [ i
/__./ _)50OF - 7.51KSI

I 950°F - 5.5 KBI
/

.L/_
_"-7

IO00°F .

_T

l

,,/_,l, _ g50*F

I

ii iI

| 10 _0

I
I

!
3.5 K,._

I
90o: F - 5.5 K_ --

T

I
"_'_K_ Ii I

900*F - 3.5 KSI

TIME AT TEMPERATURE - MINUTES

FIGURE 14: EFFECT OF TIME, TEMPERATURE AND PRESSURE ON THE
COMPRESSIVE YIELDING OF 2219 ALUMINUM ALLOY
DURING DIFFUSION WELDING
(2219 Aluminum Alloy to 321 Stainless Steel)
(2219 Aluminum Alloy to Ti-SA1-2.5Sn Alloy)
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Before After
Welding Welding

Specimen Size 1.0"x 1.25'

|0 30 60 120 240 SOo

TIME AT TEMPERATURE - MINUTES

FIGURE 15: EFFECT OF TIME, TEMPERATURE AND PRESSURE ON

THE COMPRESSIVE YIELDING OF 7106 ALUMINUM ALLOY

DURING DIFFUSION WELDING (7106 Aluminum Alloy to
321 Stainless Steel)
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Before After
Welding Welding

Specimen Size .62"x 1.0"

1450_F - 30 KBI

1450°F - 20 KS1

I....i-4......
1350°F - 30 KSI

1350°F - 20 KBI

f . [
1450°F - 12.5 KSI

1200°F - 30KSI

2O

1200°F- 12.5 KSI Specimens
did not exhibit measurable
deformation

Io 30 60 I_o 240

TIME AT TEMPERATURE - MINUTES

$00

FIGURE 16: EFFECT OF TIME, TEMPERATURE AND PRESSURE ON

SPECIMEN COMPRESSIVE YIELDING DURING DIFFUSION

WELDING (321 Stainless Steel to Ti-SAI-1Mo-IV Alloy)
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m

I I I I i

f-'l ....

Before After
WeLding Welding

Specimen Size .63" x 1.0"

of

/

I

1450°F - 30 KSI

__J,/"_ 1450°F - 20 KSI

O ._

/ 1350°F a- 30 KSI

/ ///

/,4 /|

$ I0 )0 60

30 I_SI

j

.1.",5ooF- 125_:J/
' 7"

mm

/_" _- 1200,°F - 20 KSI

" 1
1200°F - 12.5 KSI Specimens

v did not exhibit I

measurable thinning II I I I
130 24O $00

TIME AT TEMPERATURE - MINUTES

FIGURE 17: EFFECT OF TIME, TEMPERATURE AND PRESSURE ON

SPECIMEN COMPRESSIVE YIELDING DURING DIFFUSION

WELDING (Inconel 600 Alloy to Ti-8 AI-1Mo-IV)
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Before After
Welding Welding

Specimen Size - ,62" x 1.0"

V

I
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/
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/

3O

/ /

7_

/-
I

I

t--I

k'-

i

iI

/
7-

,(
$0

l I

• . ! .......... !...................

1. t750°F - t7.5 KSI _ [ '

I- 1750°F - 12.5 KSI | !

- --1-1. _-_=_-.,-- 1600°- 225KSI"

' . l"/50°F- " 5KSI _ _ _ • I

i il .

' ' t
......I--._--/-.---_.S-i=_.........t -

I325°F - p.p.,
/m KSI

! _0 240

TIME AT TEMPERATURE - MINUTES

FIGURE 18: EFFECT OF TIME, TEMPERATURE AND PRESSURE ON
SPECIMEN COMPRESSIVE YIELDING DURING DIFFUSION

WELDING (Inconel 718 Alloy to 321 Stainless Steel)
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t (a) 2219 A1/321 S.S. 
#159 

SO" Cross-section 
-- 95Q°F/7.5 ksi/l2O min. 

Etched 

500X a 2 0 6 8 0 8  

(b) 7106 A1/321 S.S. 
kc166 
950"F/7.5 ksi/60 min. 
90" Cross-section 

Etched 

2A206809 cnnw 
i J W W A  

(c) 2219 Al/Ti-5A1-2.5Sn 
#167 
950"F/7.5 ksi/60 min. 
90 " Cross-  Se ction 

Etched 

500X 2A2 06 8 07 

FIGURE 19: MICROSTRUCTURE OF DIFFUSION WELDS O F  
2219 A1 ALLOY TO 321 STAINLESS STEEL, 
7106 A1 ALLOY TO 321 STAINLESS STEEL AND 
2219 A1 ALLOY TO Ti-5A1-2.5Sn ALLOY. 
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FIG1 

Ti- 5A1- 2.5 Sn 

500X 2A206952 

(a) #182 1000"F/120 min/7.5ksi 
OPTICAL MICROGRAPH 

8 500X 1-20-66-10 

(b) ELECTRON MICROGRAPH 
(Titanium not etched) 

RE 20: MICROSTRUCTURE OF DIFFUSION ZONE OF 2219 A1 
To Ti- 5Al- 2.5 Sn 
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E 

500X 2A206742 500X 

(a) #69 120OoF/20 ksi/60 min. (b) #87 

2A206772 

13 50°F/20 ksi  /120 min. 

2A2067 53 500X 2A206776 

(C) #121 1450°F/20 ksi/lO min. (d) #117 1450°F/20 ks i / l20  min. 

500X 

FIGURE 22: MICROSTRUCTURE OF INCONEL 600 TO Ti-8Al-lMo-lV 
DIFFUSION WELDS. 90" CROSS-SECTIONS. ETCHED 
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500x 

(a) Unetched 

2A20G550 

500X 2A206562 

(b) Etched 

FIGURE 24: MICROSTRUCTURE O F  INCONEL 600 TO Ti-8Al-1Mo-1V 
DIFFUSION WELDS. SPECIMEN #69 DIFFUSION WELDED 
AT 1200°F/20 KSI/GO MINUTES. 15" TAPER MICROSECTION 
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500X 

(a) Unetched 

2A206552 

500X 

(b) Etched 

2A206560 

Zone 1 r - Zone 2 

FIGURE 25: MICROSTRUCTURE OF INCONEL 600 TO Ti-8Al-1Mo-1V 
15" TAP ER SECTION OF SPECIMEN #87 DIFFUSION 
WELDED AT 1350°F/20 KSI/120 MINUTES 

109 



.I14 0 
116 ' 

INCONEL 600 I 

500X 2A206764 

#117 1450°F/20 KSI/120 Min. 

Reichert Micro-Hardness Tester - Knoop Diamond Indentor 
With  17 Gram Load - Hardness Values Expressed in KHN. 

FIGURE 26: MICROHARDNESS TRAVERSE OF INCONEL 600 
TO Ti-8A1-1Mo-1V DIFFUSION WELD. 90" CROSS- 

SECTION. ETCHED FOR TITANIUM. 
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P 

Y 

11,700X 11-8-65-3 

#87 1350°F/20 ksi/120 min. 

Zone 3 

Zone 4 

FIGURE 27: ELECTRON MICROGWH OF DIFFUSION ZONE 
OF INCONEL 600 TO Ti-8A1-1Mo-1V DIFFUSION 
WELD. CARBON REPLICA. ETCHED 
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500X 2A206779 500X 2A2067 99 

(a) #70 1200°F/20 ksi/60 min. (b) #88 1350"F/20 ksi/ l20 min. 

500X 2A206'791 500X 2A 2 0 6 8 03 

FIGURE 31: MICROSTRUCTURE OF 321 STAINLESS STEEL TO 
Ti-8Al-1Mo-1V DIFFUSION WELDS. 90" CROSS- 

SECTIONS. ETCHED FOR TITANIUM 
115 



500x 

(a) Unetched 

a 2 0 6 5 5 3  

500X a 2 0 6  561 

(b) Etched for Titanium 

FIGURE 32: MICROSTRUCTURE OF 321 STAINLESS STEEL 
TO Ti-8A1-1Mo-1V DIFFUSION WELDS. SPECIMEN 

#88 WELDED AT 1350°F/20 KSI/12O MINUTES. 
15"TAPER MICROSECTION 
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r Z o n e  1 

500X 2A206559 

(a) #122 145O0F/2O ksi/ l0 min. Etched F o r  T i  

Tone 3 

500X 2A206557 

(b) #118 l45O0F/20 ksi/ l20 min. Etched F o r  Ti 

FIGURE 33: MICROSTRUCTURE OF 321 STAINLESS STEEL TO 
Ti-8Al-1Mo-1V DIFFUSION WELDS. 15" TAPER 

MICROSE CTIONS. 
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500X 2A206762 

#118 1450"F/20 ksi/ l20 min. 

Reichert Micro-Hardness Tester-  Knoop Diamond Indentor 
With 17 Gram Load- Hardness  Values Expressed in KHN. 

FIGURE 34: MICROHARDNESS TRAVERSE OF 321 
STAINLESS STEEL TO Ti-8A1-1Mo-1V 

Etched fo r  Titanium. 
DIFFUSION WELD. 90" CROSS-SECTION. 
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1325"F/22.5 ksi/ 
120 min. 

(b) #214 

1600"F/17.5 ksi/ 
120 min. 

500X 2A206811 

500X 2A206810 

FIGURE 36: MICROSTRUCTURE OF 321 STAINLESS STSEL TO 
INCONEL 718 DIFFUSION WELDS. 90" CROSS- 

120 
SECTION. ETCHED FOR INCONEL 718. 



1.00

.80

I

k

J
i

L
F

I
f

I

1750°F

r

1600°F -

7.5 KSI

• 12.5 KSI

C3 17.5 KSI

o 27.5 KSI

Specimens Welded at 1325°F Did Not
Exhibit a Measureable Diffusion Zone.

Inmmm

10 20 30 40 50 60 100 120 240

TIME AT TEMPERATURE - MINUTES

500

FIGURE 37: EFFECT OF TIME, TEMPERATURE AND PRESSURE ON
DIFFUSION ZONE THICKNESS OF 321 STAINLESS STEEL
DIFFUSION WELDED TO INCONEL 718.
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6 INl 

500X 2A2068 53 

OPTICAL MICROGRAPH 
(a) #214 1600°F/120 min/17.5ksi 

(Etched for 321 S.S. and Inconel 718) 

f I  Zone 1 
I 

2000x 1-20 
(b) ELECTRON MICROGRAPH 

FIGURE 38: MICROSTRUCTURE OF DIFFUSION ZONE OF 
321 S.S. TO INCONEL 718 
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500X 2A2233 00 
#232 l75O0F,/12.5 ksi/60 min 

Reichert  Micro-Hardness Tests - Knoop Diamond Indentor 
With 12 Gram Load- Hardness Values Expressed in KHN. 

FIGURE 39: MICROHARDNESS TRAVERSE OF 321 STAINLESS 
STEEL TO INCONEL 718 DIFFUSION WELD. 

90" CROSS-SECTION. ETCHED 
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500X Etched 2A223 64 9 

90" Cross Section 
(a) Microstructure Showing Tungsten Marker 

(b) Microprobe Analysis 
90" Cross  Section 

FIGURE 41: MICROSTRUCTURE AND MICROPROBE ANALYSIS OF 2219 
ALUMINUM ALLOY TO 321 STAINLESS STEEL DIFFUSION 
SPECIMEN AFTER 10 HOURS AT 950°F 
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FIGURE 42: 

500X Unetc hed 2A223654 

#600 Diffusion Welded 1 Hour at 950°F 
Diffused 99 Hours at 860°F 

MICROSTRUCTURE OF FRACTURED 7106 ALUMINUM ALLOY 
TO 321 STAINLESS STEEL DIFFUSION SPECIMEN 

126 



500X Etched 2A2236 55 
(a) Microstructure Showing Tungsten Marker 

90" Cross Section 

(b) Microprobe Analysis 
90" Cross Section 

FIGURE 43: MICROSTRUCTURE AND MICROPROBE ANALYSIS OF 
2219 ALUMINUM ALLOY TO Ti-5A1-2.5Sn ALLOY 
DIFFUSION SPECIMEN AFTER 100-HOURS AT 950°F 
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Back Scattered Electrons 

Tungsten X-Ray Fluorescence Aluminum X-Ray Fluorescence 

Tin X-Ray Fluorescence Copper X-Ray Fluorescence 

All Photos at 800X 

FIGURE 44: MICROPROBE PHOTOGRAPHS OF TUNGSTEN MARKER IN 
2219 ALUMINUM ALLOY TO T i  5Al-2.5 Sn ALLOY DIFFUSION 
SPECIMEN AFTER 100 HOURS AT 95Cr"F 
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t 

Zone 3 
Zone 4 
Zone 5 

ft 
Zone 6 c 

#484 1450°F/20 ksi/6Omin 

Diffusion Treated 1450"F/ 99 h r .  

FIGURE 46: MICROSTRUCTURE OF 321 STAINLESS STEEL TO 
Ti-8Al-1 Mo-1V DIFFUSION WELD CONTAINING 
TUNGSTEN WIRE MARKERS. 
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c 

1 -Hour 
1450°F 

Ti-8Al-IMo-lV Inconel 600 TL-SAI-;,?/'Q-~~V Inconel-600 

Ti-8Al-lMo-IV Inconel 600 Ti-8Al-1Mo- HV Inconel 600 

1 0 0 -H ours  
@ 1450°F 

Cr 

Ti-$ki-lKc-PV Inconel 600 
Back Scattered Electrons 

m*.urr.8."=-I-.-/ 

4 A1 - ~ r r b ~  

L i 

100-Hours 
@ 1450°F 

600 Ti-8Al-lMo-1'J Incone! 600 

Photos  Show Sample Current  (Collected Electrons) Scans and Superimposed 
Concentration Profiles Except as Noted. All Photos at 800X 

FIGURE 49: MICROPROBE PHOTOGRAPHS OF INCONEL600 TO 
Ti-8Al-lMo-lV DIFFUSION SPECIMENS 
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1-Hour 
@? 1450°F 

I 
Ti-8Al- 1Mo-1V 

b'mw * -  

321 S.S. Ti-8Al-lMo-lV 321 S.F. 

I Y ' t  I I m 

10-Hours 
@ 1450°F 

I 

-* "-7 
Ti-8A1-1Mo-1V 321 S.S. 

1 00-Hours 
@ 1450°F 

i, * . 
F- -1 

Ti-8Al-lMo-lV 321 S.S. 

'4 
i 
i 1 00-Hour s 

@ 1450'F j 

1 

Photos Show Sample Current (Collected electrons) Scans and 
Superimposed Concentration Profi les  All Photos @ 800X 

FIGURE 50: MICROPROBE PHOTOGRAPHS OF 321 STAINLESS STEEL TO 
Ti-8A1- 1Mo- 1V DIFFUSION SPECIMENS 
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\ 

1570x 

1 Zone 1 
3 Zone 2 
t 

t '  

Zone 3 ,fi 

/ 

4-5-56-1 

, Zone 4 

I 

(a) Inconel 600 to Ti-8Al-lMo-lV 

Zone 5 

Ti Ni 

Ni- r i c h p T i +  
Al-rich CYTi 

- 
Zone 1 

Zone 24 Zone 3 
- +Zone 4 

j Zone 5 Fe-r ich /?Ti 

2160X 

I 
Zone I 6 F e - r i c h P T i +  

Al-richCY Ti 
4-20-66-3 f 

(b) 321 S.S. to Ti-8Al-1Mo-1V 

FIGURE 51: ELECTRON MCROSCOPE PHOTOGRAPHS OF INCONEL 600 
TO Ti-GAL-1Mo-1V AND 321 STAINLESS STEEL TO Ti-8A1-1Mo-1V 
DIFFUSION SPECIMENS AFTER l O Q  HOURS AT 1450°F 
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500X Etched 2A230088 

(a) #483 Inconel 600 To Ti 8A1-1Mo-1V 
90" Cross  Section 

50 OX Etched 2A230087 

(b) #484 321 S.S. TO Ti 8Al-lM0-1V 
90" Cross  Section 

FIGURE 52: MICROHARDNESS TRAVERSE OF INCONEL 600 TO Ti 8A1-1 M o - ~ V  
AND 321 STAINLESS STEEL TO Ti-8Al-1 Mo-1V DIFFUSION 
SPECIMENS EXPOSED 100 HOURS AT 1450°F 
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Inconel 

t 
I ' 
t. 
i 

lOOOX 
Back Scattered Electrons 

Microprobe Photo 

I 

800X 
Sample Current 
Microprobe Photo 

cone1 600 ""a -I 

Unetc hed ? 5ox Unetched 7 50X 

Etched for Titanium 7 50X Etched for Titanium 7 50X 

FIGURE 53: INCONEL 600 TO Ti-8Al-lMo-lV AND 321 S.S. TO Ti-8Al-lMo-lV 
DIFFUSION SPECIMENS EXPOSED 100-HOURS AT 1450'F. 
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? 
b 
t. 

I 
$: 
L 

y 
500X 

(a) Microstructure Showing Tungsten Marker 
90" Cross  Section 

4 

d 

t 

Etched 2A22364 5 

(b) Microprobe Analysis 
9O"Cross Section 

FIGURE 54: MICROSTRUCTURE AND MICROPROBE ANALYSIS OF 
INCONEL 718 TO 321 STAINLESS STEEL DIFFUSION 
SPECIMEN AFTER 100 HOURS AT 1600°F 
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500X 2A223 2 54 
(a) #351 1500°F/20 ksi/lO min Etched for T i  

SILVER FOIL 

FIGURE 55: PHOTOMICROGRAPHS SHOWING THE APP EARANCE OF 
DIFFUSION WELD BETWEEN 321 STAINLESS STEEL AND 
Ti-8Al-1 Mo-1V USING SILVER AND VANADIUM FOIL 
DIFFUSION AIDS. 
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4 

- . "  . .  
_ "  . 

2A223281 

1300°F/20 ksi/60 min. Etched 
COPPER FOIL 

500X 

(b) #357 

2A223269 

1300°F/20 ksi/lO min. Etched 
GOLD FOIL 

FIGURE 56: PHOTOMICROGRAPHS SHOWING THE DIFFUSION OF 
COPPER AND GOLD INTO Ti-8Al-1 Mo-1V 
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500X 2A223282 

(a) #376 130OCF/20 ksi/60 min. Etched for Cu 
COPPER FOIL 

321 S.S. 

INCONEL 718 

500X 2A223278 

NICKEL FOIL 
(b) #370 1300°F/20 ksi/60 min. Etched for Ni 

FIGURE 57: PHOTOMICROGRAPHS SHOWING THE APPEARANCE OF 
DIFFUSION WELD BETWEEN 321 STAINLESS STEEL AND 
INCONEL 718 WITH COPPER AND NICKEL FOIL DIFFUSION 
AIDS 
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e o  7106 A1 .L 
1 

500X 
(a) #480 900" F/7.5 ksi/60 min 

.. 

Intermittent 
Anodized 
Surface 

on 
7106 A1 

2 ~ 2 2 3 3 3  5 
U netched 

Anodized 
Surface 

on 
7106 Al .  

500X 
(b) #480 900"/7.5 ksi/60 min Etched for A1 

2A 2 23 3 3 9 

FIGURE 58: PHOTOMICROGRAPH SHOWING THE APPEARANCE OF THE 
DIFFUSION WELD BETWEEN 7106 ALUMINUM AND 321 
STAINLESS STEEL WITH NICKEL PLATING DIFFUSION AID. 
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(a) #504 

* 1500°F/20 ksi/l0 min 

SILVER PLATING 

500X 2A2233 22 

Etched fo r  
Ti- 8A1- 1Mo- 1V 

(b) #497 
13 00 F/20ksi/lO min 

COPPER P LATING 

Etched for 
' Ti-8Al-1Mo-1V 

."_ I ./L 

c- L I \  e - * "  

500X 2A2233 24 

( c )  #502 
1300" F/20 ksi/lO min 

NICKEL PLATING 

Etched for 

and 
Inconel 600 

Ti-8Al-lMo-lV 

500X 2A223331 

FIGURE 59: PHOTOMICROGRAPHS SHOWING THE APPEARANCE OF THE 
DIFFUSION WELDS BETWEEN INCONEL 600 AND Ti-8A1-1Mo-1V 
WITH SILVER, COPPER AND NICKEL PLATING DIFFUSION 
AIDS. 
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Intergranular 
Penetration 

Approx. Original 
Joint Interface 

500X Etched 
(a) 6605 500"F/3OKSI/2Hours 

I_ 
Zone 5 

Zone 4 
Zone 3 

Zone 1 
50 OX Etched 2A223728 

Approx. Original 
Joint Interface 

(b) #611 700°F/20 KSI/l Hour 
FIGURE 60: MICROSTRUCTURE OF 2219 -T6 ALLUMINUM ALLOY TO 

321 STAINLESS STEEL DIFFUSION WELDS - SILVER 
ELECTOPLATED 15" Taper Microsections 
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Approx . 
Original 
Interface 

500x ETCHED 2A230663 

(a) Reichert Microhardness Traverse (KHN) of 321 SS to 
2219 AI Diffusion Weld - #719 90° Cross-Section 

me 4 

3 

(b) Microprobe Analysis of 321 SS to 2219 AI 
Diffusion Weld - #719 

FIGURE 61 - MICROHARDNESS TRAVERSE AND MICROPROBE ANALYSIS OF 
321 STAINLESS STEEL TO 2219-T6 ALUMINUM ALLOY DIFFUSION 
WELDS - SILVER ELECTROPLATED 
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i Original 
Joint 

Interface 

500X Etched 2A223731 

(a) #614 500" F/30 KSI/4-Hours 

, 

1 Original 
Joint 

Interface 

Zone 4 

Zone 3 

500X Etched 2A223737 
(b) #620 700°F/20 KSI/1 Hour 

Zone 2J 

Zone 1 

FIGURE 63: MICROSTRUCTURE OF 7106-T6 ALUMINUM ALLOY TO 
321 STAINLESS STEEL DIFFUSION WELDS - SILVER 
ELECTROPLATED 15" TAPER MICROSECTIONS 
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f Zone 

Approx . 7- 
Original 9 
I n terface 199- 

Zone 4 

243 

- L .  

Zone 2 
*, % f . ’  

. *  Zone 1 . .  
. r a  0 

- *  - . *  

7106 A f  t r .  . ,., 

500X ETCHED 2A23 0723 

(a) Reichert Microhardness Traverse (KHN) of 321 SS to 
7106 AI Diffusion Weld - #711 90’ Cross-Section 

TW’?/ZOrrSylO Mln+700*F/8Eoun 

(b) Microprobe Analysis of 321 SS to 7106 AI Diffusion Weld - #711 

FIGURE 64: MICROHARDNESS TRAVERSE AND MICROPROBE ANALYSIS 
OF 321 STAINLESS STEEL TO 7106-T6 ALUMINUM ALLOY 
DIFFUSION WELD - SILVER ELECTROPLATED 
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i 

P 

t 

L 

r Z o n e  3 
Zone 2 h 

Zone IJ 

f 

500X 

(a) #623 

Zone 3 r Zone 2 

' I  

6 Original 
Joint 

Interface 

I 

Etched 2A223814 
500" F/30 KSI/4 Hours 

1 Original 
Joint 

Interface 

Zone 1 1  
500X Etched 2A223817 

(b) #626 60O0F/3OKSI/2 Hours 

FIGURE 65: MICROSTRUCTURE OF 2219-T6 ALUMINUM ALLOY TO 
321 STAINLESS STEEL DIFFUSION WELDS - COPPER 
ELECTROPLATED 15' TAPER MICROSECTIONS 
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r Zone 

+ Intergranular 
Penetration 

zonk 2 
Zone 1 

500X 

(a) #627 70O0F/20 KSI/10 Min. 

r Zone 3 
Zone 2 

% 
500X Etched 2A223780 

(b) #629 70OoF/20 KSI/6O Min. 

J Zone 1 

+ Original 
Joint 

Interface 

1 
~ 

Etched 2A223778 

4 Or dim 
Joint 

Interface 

FIGURE 66: MICROSTRUCTURE OF 2219-T6 ALUMINUM ALLOY TO 
321 STAINLESS STEEL DIFFUSION WELDS - COPPER 
ELECTROPLATED 15' TAPER MICROSECTIONS 
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LEZone 
Approx. 4 
Original 
Interface 

' r7 p, 
* * *  L ' J ' 2 -  

500X 

Zone 1 

2A223831 

(a) Reichert Microhardness Traverse (IMN) of 321 S.S. to 
2219 A1 Diffusion Weld - #715 90" Cross Section 

321 S.S./2219Al-Cu Plate 
100~F/20KS/lOMm + 700"F/BErs 

90- Cross Secuon 

(b) Microprobe Analysis of 321 S.S. to 2219 A1 
Diffusion Weld - #715 

FIGURE 67: MICROHARDNESS TRAVERSE AND MICROPROBE ANALYSIS 
OF 321 STAINLESS STEEL TO 2219-T6 ALUMINUM ALLOY 
DIFFUSION WELDS - COPPER ELECTROPLATED 
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+ Original 
Joint 

Interface 

2A223'783 
I 

Zone 21 500X Etched 

Zone 1 #638 70OoF/20 KSI/l Hour 

FIGURE 68: MICROSTRUCTURE OF '7106-T6 ALUMINUM ALLOY 
TO 321 STAINLESS STEEL DIFFUSION WELD - 
COPPER ELECTROPLATED 

15' TAPER MICROSECTION 



rZone 
[!?:ne 2 

' IT Zone 1 

Approx. 
Original 
Interface 

500X Etched 2A2 238 2 9 
(a) Reichert  Microhardness Traverse  (KHN) of 321 S.S. to 7106 A1 

Diffusion Weld - #707 90" Cross  Section 

90' Cmas Section 

(b) Microprobe Analysis of 321 S.S. to 7106 AL Diffusion Weld - #707 

FIGURE 69: MICROHARDNESS TRAVERSE AND MICROPROBE ANALYSIS 
OF 321 STAINLESS STEEL TO 7106-T6 ALUMINUM ALLOY 
DIFFUSION WELDS - COPPER ELECTROPLATED 
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500X Etched 2A223 911 

(a) #639 600°F/30 KSI/3O Min 

T P a r t i n g  
Ag Plate 

500X Etched 2A223834 

(b) #642 Ti-Ag Plate Prediffused at 13OO0F/10 Min. 
600°F/30 KSI/30 Min. 

FIGURE 70: MICROSTRUCTURE OF Ti  5A1-2.5Sn ALLOY TO 2219-T6 

ELECTROPLATED 
ALUMINUM ALLOY DIFFUSION WELDS - SILVER 
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Approx. 
Original 
Interface 7 

Zone 1 

500X Etched 2A223828 

(a) Reichert Microhardness Traverse (KHN) of Ti SA! -2.5Sn to 2219 
Diffusion Weld - #642 90" Cross Section 

1 Zone 1 I 
(b) Microprobe Analysis of Ti-5Al-2.5Sn to 2219 A1 Diffusion Weld - #642 

90" Cross  Section 
FIGURE 71: MICROHARDNESS TRAVERSE AND MICROPROBE ANALYSIS 

OF Ti-5Al-2.5Sn ALLOY TO 2219-T6 ALUMINUM ALLOY 
DIFFUSION WELD - SILVER ELECTROPLATED 
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Peel Failure I) fi"":; 
e 

500X Etched 2A223842 

(a) #e64 No Prediffusion 1300°F/30KSI/1 Hour 

Peel Failure I) 

500X Etched 2A223 967 

(b) #766 Prediffused 1300°F/10 Min, 600°F/20 KSI/3O Min. 

FIGURE 72: MICROSTRUCTURE OF 321 STAINLESS STEEL TO 
Ti  8Al-1 Mo-1V DIFFUSION WELDS- SILVER 
ELECTROPLATED 
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%.- 

500X Etched for 321 SS and Ti 244223768 

(a) #671 140OoF/30 KSI/30 Min. 

-Zone 1 
Zone 2 

Zone 3 L L  

500X Etched 2A223 943 
(b) #678 1500°F/30 KSI/1 Hour 

FIGURE 73 : MICROSTRUCTURE OF 32% STAINLESS STEEL T@ 
Ti8Al-lMo-lV DIFFUSQ N WELDS - VANADIUM FOIL 



L 

Zone 1 

Zone 2 
Zone 3 

500X Etched 2A223826 

(a) Reicbert Microhardness Traverse (KHN) of 321 SS to 
Ti 8AL-1Mo-1V Diffusion Weld-#678 90" Cross Section 

(b) Microprobe Analysis of 321 S.S. to Ti 8Al-1Mo-1V 
Diffusion Weld - #678 

FIGURE 74: MICROHARDNESS TRAVERSE AND MICROPROBE ANALYSIS 
OF 321 STAINLESS STEEL TO Ti-8A1-1Mo-1V ALLOY 
DIFFUSION WELD - VANADIUM FOIL 
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d yZone _ f Z o n e 3  

500X Etched 2A223825 

(a) Reichert  Microhardness Traverse  (KHN) of Ti 8Al-1Mo-1V t G  

Inconel 600 Diffusion Weld - 90’ C r o s s  Section 

---- 
Vanadium Foil 

1600’F/10 KSI/1 Hour 
90” Cross Section 

(b) Microprobe Analysis of Ti 8A1-1Mo-1V to Inconel 600 
Diffusion Weld - #661 

FIGURE 75: MICROHARDNESS TRAVERSE AND MICROPROBE ANALYSIS 
OF Ti-8A1-1Mo-1V ALLOY TO INCONEL 600 DIFFUSION 
WELD - VANADIUM FOIL 
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5003; 

(a) #725 1300" F/40 KSI/GOMin (b) #738 1500"F/30KSI/6OMin 

I 

Etched 2A2.30083 500X Etched 2A230086 

(c) #752 1 7 0 0 ° F / 1 2 . 5 ~ / 6 0 M i n  (d) #7 58 1800 " F/'i.5 KSI/6O Min 

Inconel 718 Cold Reduced 60% 
321 S.S. Cold Reduced 65% 

FIGURE 77: MICROSTRUCTURES OF STRAIN HARDENED INCONEL 718 AND 
321 STAINLESS STEEL AFTER DIFFUSION WELDING 
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500X 2A2 233 16 
(a) #324 1350°F/20 ksi/60 min. Etched 

ABRASIVE SANDED 

500X 2A223317 
(b) #325 1350°F/20 ksi/60 min. Etched 

CHEMICALLY CLEANED 

FIGURE 78: PHOTOMICROGRAPHS SHOWING THE EFFECT OF SURFACE 
PREPARATION ON THE APPEARANCE OF THE DIFFUSION 
WELD BETWEEN INCONEL 600 AND Ti-8Al-lMo-lV. 
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500X 2A223318 
(a) #326 1350°F/20 ksi/60 min. Etched 

POLISHED SURFACE 

500X 2A223319 
(b) #327 1350°F/20 ksi/60 min. Etched 

MACHINED SURFACE 

FIGURE 79: PHOTOMICROGRAPHS SHOWING THE EFFECT OF SURFACE 
PREPARATION ON THE APPEARANCE OF THE DIFFUSION 
WELD BETWEEN INCONEL 600 AND Ti-8Al-1Mo-1V. 
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500X 2A223309 

(a) #340 l60O0F/12.5 ksi/60 min. Etched 
ABRASIVE SANDED SURFACE 

500X 2A223310 
(b) #341 1600°F/12. 5 ksi/60 min. Etched 

CHEMICALLY CLEANED SURFACE 

FIGURE 80: PHOTOMICROGRAPHS SHOWING THE EFFECT OF SURFACE 
PREPARATION ON THE APPEARANCE OF THE DIFFUSION 
WELD BETWEEN INCONEL 718 and 321 STAINLESS STEEL. 
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500X 2A2233 11 

(a) #342 1600°F/120 5 ksi/60 min. Etched 
POLISHED SURFACE 

500X 2A223312 

(b) #343 160OoF/12.5 ksi/60 min. Etched 
MACHINED SURFACE 

FIGURE 81: PHOTOMICROGRAPHS SHOWING THE EFFECT OF 
SURFACE PREPARATION ON THE APPEARANCE 
OF THE DIFFUSION WELD BETWEEN INCONEL 718 
and 321 STAINLESS STEEL 
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! 

500X Etched 2A223657 

#584 Rolling Preheat Temperature - 850°F 
FIGURE 82: MICROSTRUCTURE OF 321 STAINLESS STEEL TO 7106 

ALUMINUM ALLOY DIFFUSION ROLL WELD 

I 500X Etched 2A223659 

#596 Rolling Preheat Temperature - 1400'F 

FIGURE 83: MICROSTRUCTURE OF 321 STAINLESS STEEL Tc 
INCONEL 718 DIFFUSION ROLL WELD. 
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5OOX Etched 2A223660 

#589 Rolling Preheat Temperature - 950'F 

FIGURE 84: MICROSTRUCTURE OF Ti-5Al-2.5Sn ALLOY TO 
2219 ALUMINUM ALLOY DIFFUSION ROLL WELD 

500X Etched 2A230775 

FIGURE 85: MICROSTRUCTURE OF 321 STAINLESS STEEL TO 
Ti- 8A1-1 Mo-1 V ROLL WELD - ALUMINUM FOIL I 

INTERLEAF I 
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8 BI

J
Joint Overlap - See

Tables XVIII through XXIII

PRESS WELDED SPECIMEN

1.25"

t

,0 II

iii

!

--rl

I
I
I
I

ii

Slots Machined

After Rolling

O I1.0" Specimen
Width

Joint Overlap

For specimen width and joint overlap see Table XXIV.

ROLL WELD SPECIMEN

FIGURE 86: SHEAR SP ECIMEN CONFIGURATION
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Corrosion At  -a Joint Interface 

Etched 2A230971 500X 

(a> 

Corrosion At 
Joint Interface 

Etched 2A230970 500X 
(b) 

FIGURE 87: PHOTOMICROGRAPHS OF DIFFUSION WELDED JOINTS 
AFTER SIXTY DAY EXPOSURE TO CONDENSING HUMIDITY 
ENVIRONMENT. 
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Welding Force 

Stainless S 
0.375 O D  
Wal I 

O F  Upper and 
Lower Steel Dies 

0.10-Inch Thick 
Aluminum AI loy 
Heat Shield 

FIGURE 88: ARRANGEMENT FOR DIFFUSION WELDING OF 
CYROGENIC HEAT SHIELD ASSEMBLIES 
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.0 II
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FIGURE 89: 5OINT AND TOOLING ARRANGEMENT FOR DIFFUSION

WELDING DISSIMILAR METAL TUBULAR ASSEMBLIES
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FIGURE 91: CROSS-SECTION OF DIFFUSION WELDED 2219 
ALUMINUM ALLOY TO 321 STAINLESS STEEL 
TUBULAR ASSEMBLIES. 
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APPENDIX A

STATE-OF-THE-ART SURVEY OF DISSIMI LAR METAL JOI NI NG
BY SOLID STATE WELDING
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ABSTRACT

Thestate-of-the-art of joining dissimilar metalsby solid state welding was
determinedby a literature surveyand visits to five selectedorganizations.
Usefuldata are available on solid statewelding of aluminumalloys to stainless
steel. Available informationon joining of otherdissimilar metal systemsis
limited. General informationhasbeencompiled on processing,metallurgical
techniques,diffusion phenomenaand solid statewelding characteristics of
similar and dissimilar metals. Thesedata are reported in threeparts: a review
of pertinent information, a summaryof the state-of-the-art visistsand an
annotatedbibliography. Thissurveywascompletedin July 1965.
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I NTRODUCTIO N

A comprehensive state-of-the-art survey has been conducted on joining of

dissimilar metals by solid state welding. This work was performed as the

first phase of Contract NAS 8-20156, "Study of Dissimilar Metal Joining by
Solid State Welding". The objectives of this research and development

program are: (1) to study the mechanisms by which dissimilar metal joining

of various alloy combinations is accomplished by press bonding and roll bond-

ing and means by which such solid state bonding can be facilitiated, and
(2) to determine the characteristics of completed joints between the dissimilar
metal combinations to be studied.

The survey consisted of a literature search for information related to solid state
welding of dissimilar metals and a state-of-the-art tour to selected organizations

believed to be most able to provide useful information. The prime objective of

the survey was to compile data in order to facilitate planning and performance
of the experimental phases of the program. The following types of dissimilar
metal combinations have been designated for study on the experimental program:

Aluminum alloy to stainless steel
Titanium alloy to aluminum alloy

Titanium alloy to stainless steel

Titanium alloy to nickel-base alloy
Stainless steel to nickel-base alloy

The emphasis of the survey was on joining of these material combinations. Con-
sideration was given to joining with and without the use of intermediate materials.

Review was made of the various solid state welding methods, but emphasis was

placed on press bonding and roll bonding since these techniques will be used in the

experimental study.

It became apparent early in the literature search that limited useful data were

available on solid state welding of the specified dissimilar metal combinations
being considered in the experimental program. For this reason, selected infor-

mation was included on diffusion phenomena and bonding characteristics of
related materials or material combinations which would contribute to an improved

overall knowledge of the subject.

This report on the state-of-the-art survey is composed of essentially three major
par ts:

Review of pertinent information

Summary of the state-of-the-art tour

Annotated bibliography
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The initial portion of the report reviews pertinent information on solid state
welding under the following technical categories:

Fundamentals of Diffusion Bonding

Solid State Welding Processes

Solid State Bonding of Dissimilar Metals

The summary of the state-of-the-art tour is a review of the visits made to five
selected organizations and of the technical information obtained which is

related to solid state welding of dissimilar metals.

The bibliography contains 71 selected references related to solid state welding.

References are listed alphabetically by author. Each reference is accompanied
by an abstract or summary, which in some cases was contained in the article but

in other cases was prepared or edited to suit this bibliography.

No treatise on this subject would be comolete without clarification of what is
meant by the term "joining by solid state welding". Evans (31) , in a review of

the subject, defined diffusion bonding . . . "as a joining technique by which

coalescence of clean, closely fitting parts is obtained by applying pressure with
or without heating the assembly. No melting and no measurable deformation of
•I. .... _...... I_ _Cr.,..,m_J_._ei,c_nnI"_nnrJ_ntl" Thi_ e]_finif|nn annears to be somewhat

- I-

too restrictive since in his summary of diffusion bonding techniques, he discusses

forge welding and eutectic diffusion brazing. Forge welding involves extensive

deformation and eutectic diffusion brazing involves melting in the form of a transient
liquid phase.

A somewhat better definition has been provided by Albom(1); "Solid state bond-

ing is a joining technique in which time, temperature and pressure produces, through
_T_usion, coalescence of the base materials being bonded". For the purposes of

this report the latter definition adequately describes solid state welding. To

minimize confusion in this report, the terms -solid state welding, solid state bond-
ing, solid state diffusion bonding and diffusion bonding - will be considered

synonymous. Processes which involve a transient liquid phase variously called
"diffusion brazing", "diffusion sink brazing" or "eutectic diffusion bonding" will

be considered as related processes and will be covered also in this survey.

*Numbers denote references in the Bibliography
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FUNDAMENTALS OF DIFFUSION BONDING

The technical literature contains numerous reports on fundamental studies of

diffusion phenomena. Although many of these were concerned only with learn-
ing more about fundamental reactions, a number of reports were reviewed in

which the studies were directed towards diffusion phenomena as applicable to

development of dissimilar metal diffusion bonding processes.

Castleman(10-17) and his co-workers conducted extensive fundamental investi-

gatlons from 1954 to 1962 on the diffusion bonding problem related to fabrication
of components for nuclear reactors. Detailed studies(10) were conducted on

formation of intermediate layers in the diffusion zone of Ni-AI diffusion couples.

Only the Ni2AI 3 and the NiAI 3 phases were observed to form layers in specimens
press-bonded at temperatures of 750 ° to 1160°F. The other two possible inter-

metallic phases NiAI and Ni3AI did not appear to form during diffusion bonding.
A significant part of this work was devoted to determining the effect of pressure

on phase formation.

Subsequent work (13'18'19) conducted with very long diffusion times, disclosed

that the two missing stable intermetallic phases, NiAI and Ni3AI were indeed
present but in diffusion bonding the layers were too thin to be detectable.

investigations(11 12)' were conducted on interdiffusion and pressure effects on

the somewhat less complicated U-AI system. Increased pressure was observed

to increase the formation of the UAI 3 phase. Similar pressure effects were not
obtained for the NI-AI system.

investlgations(15,16) were conducted on the Cu-Zn system with particular emphasis

on growth kinetics of beta-brass layers in the alpha-brass vs. gamma-brass diffusion

couples. Studies were also initiated on diffusion phenomena of the more complex

ternary Cu-Zn-Ni system.

The interdlffusional aspects of the diffusion bonding problem were viewed from an
(9) z tanalytical approach by Castleman . Three ideali ed ypes of dissimilar metal

systems were dlscussed.

One Phase - Complete mutual solubility

Two Phase - Partial solid solubility
Three Phase - Growth of an intermediate phase

For the two-phase and three-phase systems, a detailed analytical evaluation was

presented of the important roles played by the boundary and interface concen-
trations and the diffusion coefficients in controlling interface movements and
interdiffuslon.

McEwan and Milner (46) studied diffusion bonding phenomena of dissimilar metals

using roll bonding techniques. The metal pairs studied were divided into four

groups:

A6



Immiscible Pairs -Cd-Fe, Fe-Pb, Cu-Pb, Cu-Mo

Partially Miscible Pairs - Cu-Fe, Cu-Ag, AI-Zn

Miscible Pairs - Cu-Ni, Fe-Ni, Mg-Cd

I ntermetallic Forming Pairs- Cu-AI, Fe-AI, Ca-Pb, Mg-AI, Ag-AI, Fe-Mo

On roll bonding at high temperatures or on post-bonding heat treatment, the

properties of the joints were found to be determined by the extent and effect of

interdiffusion. Solid state bonded joints of immiscible and partially miscible
systems were generally stable. Miscible systems could be readily bonded but
sometimes the bond weakened upon heat treatment due to formation of diffuslonal

porosity. Two types of behavior were observed for intermetallic forming pairs

depending upon whether or not the interface layer possessed any ductility. In
most cases a brittle intermetallic layer was formed and the bond was strong if
the layer was maintained below a critical thickness, but weak if it grew above

this thickness. In some cases a ductile intermediate phase was formed. These
joints were usually strong, with failure generally occurring in the weaker metal.

LeClalre and Bear (44) investigated the interdiffusion of uranium and aluminum

and related the diffusion zone width as a function of temperature, pressure and
time. Their experiments showed an appreciable accelerating effect of pressure

on the rate of interdiffusion. It was suggested that this phenomenon might result
from one of the following pressure induced changes: (1)changes in the interface

concentrations, (2) allotropic transformations in existing phase, or (3) nucleation
of new stable ohases. Castleman(12) confirmed the pressure induced acceleration

of diffusion and attributed it to increased formation ot UAI 3 phase possibly resu;.-
ing from a decrease of voids in the diffusion zone.

Baird (3) studied formation of intermediate alloy layers in the interdiffusion of

metals and observed that parabolic growth of phase layers takes place at
relatively high temperatures where volume diffusion is the controlling factor.

At low temperatures the growth takes place predominantly by grain boundary
diffusion in accordance with the following growth equation:

x = Ktl/n; where n may be between 2 and 4

In this equation x is distance, t is time and K is a constant.

Eckel (29) studied diffusion across dissimilar metal joints using diffusion couples

of ferritic steels to austenitic stainless steels or nickel-base alloys. Carbon was

observed to migrate in the direction of higher alloy content and also in the
direction of lower carbon content. Evidence indicated that Fe diffuses into an

austenitic steel from a ferritic steel, that Ni diffuses into the ferrltic steel and

that Cr diffuses away from the interface in both directions.
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SOLID STATE WELDING PROCESSES

In simple terms, the only requirement for solid state welding is to bring the

mating clean surfaces close enough together to permit their interatomlc

attractive forces to become effective. The essential ingredients in solid state
welding are time, temperature and pressure. These controlling factors are
interdependent.

Solid state welding per se is not a new joining technique; in fact, forge welding

is one of the oldest joining methods known. However, in recent years, solid
state welding has received increased attention. Review of the literature reveals

a variety of solid state welding processes and in addition a number of different

terms are used to describe essentially the same process. For purposes of this

survey, the various solid state welding processes will be placed in one of the
fol lowing classifications:

Press Bonding

Roll Bonding

Gas-Pressure Bonding

Explosive Bonding

Resistance Diffusion Welding

Press bonding and roll bonding are of primary concern in this survey, and the

other techniques will be reviewed briefly as related processes.

Press Bonding (Presssure Bonding)

Press bonding may be accomplished at room temperature, in which case it is some-
times referred to as cold pressure welding(4), or it may be performed at elevated

temperatures, in which case it has been termed _v various investigators as hot
- (59) l ization welding(5) or diffusion bonding(48,63).pressure bonding , recrystal

Tylecote (61) conducted an investigation to establish certain of the principles

involved in the process of pressure welding. The degree of deformation required

to produce good welds at room temperature was determined for various metals and
alloys in both similar and dissimilar pairs. Minimum deformation ranged from

10% to 90% for the various materials. Particular attention was given to determin-

ing the connection between weldability and properties of the surface oxide film.

Practical applications of pressure welding from 1946 to 1956 were summarized by
Tylecote(62]. Techniques and advantages of the process were discussed. The main

applications were given as: (1) lap joints in copper and aluminum alloy sheet and
(2) butt joints in steel bar or sections.
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Parks (55), as a result of investigating pressure welding at elevated temperatures,

reached the conclusion that recrystallization is the basic mechanism of solid

phase welding and stated that the process should be rightly called "recrystalllza-

tlon welding". Test data are presented to show relationship between recrystalll-
zatlon temperature, degree of deformation, weld temperature and weld strength

of various common sheet metals. It is stated that welding below the recrystalllza-

tion temperature can only be achieved if the surface layers are severely deformed
during welding. Such welding is described as "deformation recrystalllzation

welding".

Pressure dlffuslon bonding has been adapted to the fabrication of expandable
honeycomb core in a process called Astroweld(67). This process has been used

to produce titanium, stainless steel, superalloy and refractory alloy honeycomb
core with and without the use of intermediate alloys (63) . Titanium alloy honey-

comb sandwich panels have been successfully fabricated by low pressure (creep
controlled) bonding to avoid crushing of the core(47).

Although the more pertinent references have been reviewed, a number of other
investigations of solid state welding by press bonding techniques involving both
similar and dissimilar metals have been included in the bibliography.

Roll Bonding

o^11 L.^..._:..._ I.,,_ _,oo_ ovfon_;v_lv _t,_li_el far i_inlna of both similar and dissimilar

metals and has led to the successful development of processes for cladding of

sheet and plate and more recently for fabrication of structural shapes. Appreciable
deformation, in the order of 25 to 90 percent in thickness, generally is required

to achieve good metallurgical bonds during roll bonding.

Cladding of aluminum with stainless steel by roll bonding has been developed
by Dulin 128'71). Using this process, a stainless steel clad aluminum product
has been marketed under the trade name "Duranel"(64).

Roll bonding has also been used to clad steel with titanium for applications in
the chemical industry(40, 51). In the cladding process, the temperature during

roll bonding is relatively low in order to minimize the interdlffusion of the bi-

metals and to avoid formation of brittle interface layers.

Recently roll bonding has been applied to fabrication of structural shapes for
(70) has been developed for fabricationaerospace applications . The process

of titanium alloy roll-bonded sandwich structures. Extensive deformation, in
the order of 60% in thickness, is involved and steel inserts forming the internal

voids are removed by acid leaching.
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Gas-Pressure Bond ing

_hega:tP rr:_s _rp b°dd_: gsPlr_c _taStedk| f;u u_en°_ hnidghn_ _lat i c i_ re cssu;e_att haigh

results during gas-pressure bonding except that necessary to bring the mating
surfaces into intimate contact. The components are assembled in an expendable

container or are edge welded to provide a pressure tight evacuated envelope.

The assembly is heated to an elevated temperature in an autoclave containing
an inert gas at hlgh pressure.

This process has been used to produce metallurgical bonds between a variety of
similar and disslmilar metals with and without the use of intermediate materials.

Gas pressures generally range up to 15,000 psi and bonding temperatures up to
3000°F are used (8).

Explosive Bonding

Explosive bonding is a relatively new concept in metal bonding and extensive

development is still required before this method will be used for general appli-
cation. Studies on explosive bonding of similar and dissimilar metals have been
conducted by Pearson and Hayes(56). Developments by several companies have

been reviewed by Fairlie(32). Potential applications include bimetal cladding

of sheet and plate and bimetal l inina of tubes. A fundamental study of explosive
bonding by Cowan and Holtzman (23)" indicated that three types of bonds can be

achieved by high velocity impact of plates: (1) a direct bond, (2) a uniform

layer of solidified melt and (3) a wavy interface of regions of direct bond and

solidified melt. Bonding is related to jetting of the metal surfaces in the space
ahead of the region of impact.

Resistance Diffusion Welding

The resistance diffusion welding process has been used to form solid-state
metallurgical bonds in both similar and dissimilar metals using conventional

resTstance welding equipment. Applications for this process have included

bonding of dissimilar metal combinations which form brittle compounds upon

melting and to similar metal bonding where melting causes degradation of joint
properties. Hess and Nippes(37) investlgated resistance diffusion bonding of

3003 aluminum alloy to AISI 4140 steel. The best joint properties were developed

using electroplated silver as an intermediate material.
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SOLID STATE WELDING OF DISSIMILAR METALS

Review of the state-of-the-art of sol id state bonding of dissimilar metals can be

presented most effectively by dividing the subject on the basis of two joining
systems: joining of bare metals and joining using intermediate materials.

It is apparent from a survey of the literature that joining of dissimilar metals with

intermediate materials has achieved far greater success than using bare metals
in both the application of diffusion bonding to production assemblies and to the

development of optimized bonding parameters in research investigations. The
following reasons have been indicated for the greater attention given to use of
intermediate materials(31): (1) the proper choice of intermediate materials

permits bonding at temperatures below where any important metallurgical changes

in the base metalstake place, (2) another metal in the joint area may permit
bonding to occur without the formation of detrimental intermetallics between the

base metals, (3) the use of plated intermediate layers overcomes the problem
resulting from the formation of tenacious oxides on the surfaces, and (4) it is

possible to "diffusion braze", a process whereby a transient liquid phase forms
at the interface and is then completely diffused away into the base metal.

In the following review of solid state welding of dissimilar metals, primary
emphasis is placed on press bonding and roll bonding. Particular consideration
is given to the following factors:

Dissimilar metal combinations

Time, temperature, pressure parameters

Intermediate materials

Atmosphere

Surface condition and preparation

Joining of Bare Metals

Storcheim (59) reported on a pressure bonding investigation with AI-Ni, AI-Cu,

AI-Fe and AI-Zr diffusion couples. Variables of time, temperature and bonding

pressure were studied with regard to joint strength and metallographic structure.
In general, as the temperature increased, joint strength increased, reached a
maximum and then decreased when brittle intermetallics were formed. Time at

bonding temperature had the same effect. At properly chosen temperatures and

pressures, depending upon the diffusion couple, the strength increased with
increasing bond pressure. Metallographic studies indicated that detrimental

diffusion-zone thicknesses can be controlled by proper appl icatlon of pressure.
Increasing pressure decreases the intermetalllc zone thickness for the AI-Ni and

AI-Cu systems, while the reverse is true for the AI-Fe system.
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Specimenswere bonded in a vacuum of less than 5 microns. Mechanical

abrading of specimens immediately prior to bonding gave the most expedient
and reproducible results. Data presented for AI-NI couples showed bonding

pressures to 40,000 psi, bonding temperatures from 750°F to 1110°F and
times from 1 to 10 minutes. Maximum ultimate tensile strength (20,000 psi)

was obtained using 40,000 psi pressure, 930°F temperature and 4 minutes
bonding time.

Cooke and Levy (22) investigated the diffusion bonding of various aluminum

alloys to 18-8 stainless steel. Diffusion bonding was accomplished by the
following three methods:

• By pressing a bar of aluminum to a bar of stainless steel (butt
joint). At the desired pressure and temperature the bars were

twisted in relation to each other to produce the bonded joint.

. By inserting a tapered stainless steel rod into a tapered hole of

an aluminum block and heating to the desired temperature

followed by pressure to force the steel rod into the tapered
hole to produce the bonded joint.

. By pressing an aluminum alloy block against a stainless steel
block (butt joint) at the desired temperature. Pressures

approximating four times the yield strength were used. Both

parts were enclosed in a die to prevent the aluminum from
flowing.

Pressure bonding was conducted in air at temperatures from 400 ° to 850°F. Parts
were cleaned by mechanical methods prior to bonding. Tensile strengths of the

bonded joints varied from 10,000 to 30,000 psi.

Strengths of bonded assemblies were found to be increased by as much as 100

percent by subsequent annealing. It was suggested that this increased strength

was due to formation by diffusion of a very thin (submicroscopic) film of an
intermediate phase, probably an intermetallic compound. When this phase is

thick enough to be observed microscopically, then the bond strength is greatly
reduced.

Both 32S and B18S aluminum alloys bonded to 18-8 stainless steel (AISI 303,

310, 321) frequently could be strengthened by solution heat treatment and
aging, without lowering the bond strength.
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U.S. Patent2,908,073(71) issuedto Dulin andassignedto Alcoa, relates to
methodsfor bondingaluminumalloys to steel and copperalloys. Themethods
outlined are adaptablefor joining flat plates of aluminumto steel for use in
the manufactureof electric flat ironsand cookingutensils. Prior to joining,
both the aluminumand the dissimilar alloy are cleaned by mechanicalor
chemical means° Thepartsbeing joined arepressedtogether to exclude air
from the joint and are heatedto a temperaturerangeof 700 to 950°F. Pressu_'e
is increasedto causethe aluminumto flow laterally. Thepressurerequired
varies from 15,000 to 50,000 psi dependingon the temperatureused. The
aluminumthicknessis reducedfrom 10 to 50% during bonding. Thepatent
claims bonded joints can be obtained which have high peel strength and with-
out the formation of intermediate phases.

Dulin (28) discusses various applications for the pressure bonding of aluminum

to steel and copper alloys using the process described in the above patent.
A number of examples are described of aluminum alloys bonded to stainless
steel for fabrication of flat irons, cooking utensils and transition tubes.

Wood (64) discusses a stainless steel clad aluminum sheet product fabricated

by the above process which is being marketed under the trade name "Duranei".

The laminated sheet is composed of AISI 304 stainless steel roll bonded to

3004 aluminum alloy. The metallurgical bond can withstand forming into
various shapes without detrimental effects.

Tylecote (61) pressure bonded AI to Fe and AI to Ni at room temperature with

50% and 60% deformation, respectively, required to achieve good bonds.

Heat treatments of joints at 750°F caused no change in joint strength while
heat treatment at 930°F caused severe loss in joint strength. Attempts to

bond Ni to Fe at room temperature were unsuccessful even with deformations
as high as 72%.

Hughson (40) described a process developed by Lukens Steel Company for pro-

duclng titanium clad steel plate. An enclosed sandwich of titanium sheet and
A-204 low-carbon manganese steel plate was flushed continuously with argon

while being heated before rolling, to eliminate impurities that interfere with

the bond. Window frame type spacers were used to separate the titanium sheet
and steel plate during heating in order to permit argon flushing and to prevent

diffusion. Two clad plates, with the titanium sheets back to back, were roll

bonded in one sandwich. Preheat temperature limit before rolling was 1700 °
to 1750°F.. A reduction of at least three to one was required for good bonding.

No intermediate material was used. Formation of brittle compounds was pre-

vented by limiting the time at elevated temperature in which diffusion could
take place.
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Moore(51) describedthe useof titanlum-clad steel for processequipment. The
methodsof producing titanium clad steel are briefly described. Thefirst method
is the LukensSteel processwherebythe compositeis producedby simpleroll
bondingat a temperaturebelow that at which brittle compoundscan form.
Explosivecladding andbrazing are describedasadditional methodsfor producing
tltanium-clad steel plate. Limited information is presentedon fabrication
details.

Diffusion phenomenawere reviewed extensively in a previous section, "Funda-
mentals of Diffuslonal Bonding" and these references will not be repeated.

However, it should be emphasized that formation of brittle phases at the inter-

face of AI-Fe, AI-Ti, Ti-Fe and Ti-Ni couples is one of the key factors which

is responsible for the lack of progress in development of processes for bare metal
joining of these metals and their alloys.

Joining With Intermediate Materials

The literature contains only limited information on solid state bonding of dis-
similar metals using intermediate materials. Most of these references involve

joining of aluminum alloys to steel. However, the very use of an intermediate

metal provides a dissimilar metal interface. For this reason pertinent information

can also be obtained by review of similar metal joining using intermediate
material and several of these references are included in this section.

Crane, et al (24), developed a diffusion bonding technique for joining of 2219

aluminum alloy to 321 stainless steel using electroplated silver as an inter-

mediate material. Successful diffusion bonding was accomplished at temperatures

of 500 ° to 600°F, pressures of 20 to 25 KSI and times of 2 to 4 hours. The joint
faying surfaces were electroplated with silver prior to bonding. The silver pre-
vented the formation of oxide-film barriers and controlled formation of embrittl-

ing phases.

Processing techniques for diffusion bonding of large diameter assemblles were

successfully developed and demonstrated by fabrication and testing of four
20-1nch diameter joints. A unique diffusion bonding method was developed

utilizing simple differential thermal expansion tooling. The method can be

economically adapted to production requirements.

It was concluded that diffusion bonding is the most satisfactory method for join-

ing large diameter stainless steel to aluminum alloy cylinders and is superior in
strength and reliability to welding or brazing.
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Orysh, Betz and Hussey(53) investigatedproceduresfor diffusion bonding3003
aluminumalloy to 304 stainlesssteel and 2024aluminumalloy to 1020steel.
In all casesthe steel wasprecoatedwith a silver brazing alloy (BAg-10) using
an oxyacetylene torch. Thesilver layer was thengroundflat to a thicknessof
0.005 inch.

Prior to bonding, the silver layer was cleaned with alcohol and the aluminum

was chemically cleaned using an alkaline etch followed by dilute nitric acid
and water rime. Bonding was attempted at temperatures varying from 200°F to

800°F, varying pressure and time. From this screening test the authors selected

a bonding temperature of 800°F and a pressure of 2400 psi (2.3% joint deformation)

as being optimum.

The following data show the shear test results as a function of bonding time for

silver coated 1020 steel bonded to 2024 aluminum alloy using a bonding pressure

of 2400 psi and a bonding temperature of 800°F.

Time, Shear Strength,*

min. psi

10 2070
30 1900

60 2730
120 3330

180 3110

240 2300

*Average of three specimens.

Gatsek (36) reported that preliminary studies have shown feasibility of a process

for diffusion bonding 2219 aluminum alloy to 321 stainless steel. The process

involves applying and bonding an intermediate alloy to the surface of the stain-
less steel and plating the aluminum alloy with the same intermediate material.

The interface material serves two purposes; it is used as a bonding agent and as
a barrier material between the aluminum and the steel. Tin and silver are

mentioned as interface materials but comparative results are not indicated.

Ness and Nippes (37) investigated joining of 3003 aluminum alloy to SAE 4140

steel using resistance welding techniques. It was found necessary to use an

intermediate material to avoid overheating the steel. The intermediate material

was applied by electroplating the steel. The metals used for plating were tin,

zinc, silver, copper, nickel, chromium and cadmium. Aluminum was resistance
bonded to electroplated steel using an 800 pound electrode force and 10 cycles
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welding time. Current was varied to produce the desired penetration into the

aluminum side of the joint. Silver was selected as the most desirable inter-
mediate metal for bonding the 3003 aluminum alloy to 4140 steel. Copper was

considered satisfactory but required more rigid welding controls to prevent
brittle joints. It was observed that plating procedures must be rigidly controlled
because much of the bond strength of the joint depends upon the adherence of

the plating to the steel.

Barta (5) investigated low temperature (300°-450°F) similar metal diffusion

bonding of 7075, 6061 and 2219 aluminum alloys using diffusion aids in various

forms including electroplated, vacuum deposlted, plasma sprayed, loose shim
material and clad aluminum. The best intermediate material was clad aluminum.

Shear strengths of 9000 to 10,000 psi were obtained on 7075 aluminum alloy clad

with 7072 aluminum alloy which was bonded at 325°F for 1 hour at 24,000 psi

pressure.

Electroplated Cu, Sn and Zn did not prove satisfactory as diffusion aids when

bonded at low temperatures. Electroplated Ag gave good shear strengths

(6700 psi) when bonded at 450°F for 4 hours at 16,000 psi pressure. Silver
was not considered as a good intermediate material because it would create a

galvanic reaction with aluminum under certain atmospheric conditions.

Search of the literature disclosed no references to diffusion bonding of titanium

alloy to aluminum alloy, titanium alloy to stainless steel or titanium alloy to

nickel-base alloy.

Several references were found on diffusion bonding of titanium to titanium using

intermediate materials, but in most cases these involved a transient liquid phase.

For example, DeCecco and Parks (26) investigated bonding titanium using silver
as an intermediate material. The silver melted and was squeezed out of the joint

and served primarily as a cleaning and flushing agent, while the clean titanium
surfaces were forced into intimate contact and bonded by recrystalllzation

welding.

Clark (20) investigated silver brazing of titanium to titanium in which the silver

diffused away from the joint area by holding for 1 hour at 1850°F in a vacuum.
Tensile strengths up to 67,000 psi at room temperature were obtained in TI-5AI-

2.5Sn alloy. Diffusing of the silver away apparently resulted in a ductile joint

by dispersing of the detrimental silver-titanlum intermediate phase.

No references were found on diffusion bonding of stainless steel to nickel-base

alloy using intermediate materials. Davies and Stephenson (25) developed similar

metal joining procedures to diffusion bond a nickel-base alloy utillzing nickel

foll or electroplate. The process included final diffusion and aging treatments.
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Several other interlayer materials were investigated and found to be unsatis-

factory. Titanium and aluminum interlayers resulted in formation of brittle

intermetallic compounds, and cracks were observed after the final diffusion

treatment. Successful joints were obtained with copper interlayer, but shear
strengths were lower than for nickel, and high bonding temperatures were
needed.

Eckel (29) used nickel foil as a diffusion barrier in studying diffusion across

dissimilar metal joints of ferritic steel to austenitic steel. The nickel barrier
reduces but does not completely prevent carbon migration. The formation of

voids in the barrier layer was attributed to nickel diffusion. The diffusion
joints were bonded at 1300°F and then given diffusion treatments at 1300°F

for times up to 8000 hours in vacuum.

Niemann, et a1,(52) investigated techniques to diffusion bond beryllium

copper to Monel at the aging temperature (650°F) of the beryllium copper. In
all tests, two electroplated material combinations were used, one on the

beryllium copper and a different metal on the Monel. A bonding pressure of

6700 psi and 3 hours bonding time (aging time of Be-2Cu) were found to be
adequate. Diffusion bonding was conducted in an inert gas atmosphere.

Ductile, high strength joints were obtained with Au-Cu and Au-Ag plating

combinations. Joints bonded with Au-Pb and Au-AI plating combinations were
found to be ciulte brittle. The average shear strengths obtained for Au-Cu

(10,150 psi) and Au-Ag (10,550 psi) systems were assumed to provide a tensile

strength of at least 20,000 psi for these joints. The tensile strengths of gold
and silver are about 20_000 psi and for copper about 32,000 psi. It was

indicated that joints made with these metals could be as strong or stronger
than the metals thernselves because of alloying that takes place and the state

of stress that exists because of joint dimensions.
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STATE-OF-THE-ARTTOUR

State-of-the-art visits were conductedto five selected organizationsbelieved
to be mostable to provide informationdirectly related to solid state welding
of dissimilar metals. The tour wastaken to supplementthe literature survey
in determining the work on solid state bondingwhich hasbeencompletedor
is in progressby industry, governmentagenciesor researchinstitutions.

Organizations to be visited were selectedon the basisof informationgathered
by the literature searchfollowed by direct confirmation with the organization.
Visits were madeto:

Alcoa ResearchLaboratories
Battelle Memorial Institute
North AmericanAviation
Northrup-Norair
WestinghouseAstronuclearLaboratories

Thetwo current Boeing-NASA contractson joining dissimilar metalswere
reviewed with each organization in order to promotea better discussionof
diffusion bonding techniques.

Thegeneralconclusionsdrawnfrom thesevisits are asfollows:

• Extensive R&D work is being conducted on diffusion bonding, but only

a very limited amount of this effort is devoted to joining of dissimilar
metals•

• Organizations engaged in diffusion bonding development consider their

work very proprietary and extremely competitive, and for these reasons
are reluctant to discuss details of bonding procedures or to show their

laboratory facilities.

. The primary benefit resulting from fhls state-of-the-art tour was the

personal cognizance of the work being conducted under active and
completed R&D contract effort on diffusion bonding and the sources

for obtaining the reports prepared under these programs.

Following is a summary of pertinent technical information obtained:

ALCOA RESEARCH LABORATORIES, ALUMINUM CO. OF AMERICA-

New Kensington, Pa.

Principal Contact: Dr. P. T. Stroup
Assistant Director of Research
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Alcoa hasbeenactive in development of solld-state diffusion bonding and

transient liquid phase bonding methods for joining of aluminum alloys and

joining of aluminum alloys to dissimilar metals, particularly stainless steel
and copper. Solid-state diffusion bonding processes have been developed

which include a process for roll bonding of stainless steel clad aluminum and
a process for pressure bonding of aluminum to stainless, carbon and alloy

steels, and to copper.

Roll-bonded stainless steel clad aluminum sheet is marketed under the trade
name "Duranel" and consists of a thin sheet of 304 stainless steel bonded to

3004 aluminum alloy. This material is currently in production for cooking

utensils. Alcoa is promoting stainless steel clad aluminum for other appll-
cations and The Boeing Company, Commercial Airplane Division, has shown
interest in this material for engine fire walls and for water storage tanks.

Dr. Stroup indicated that they have no currently active R&D programs for
solid-state diffusion bonding of either aluminum alloys or dissimilar metals.

Although Alcoa has conducted diffusion bonding work with electroplated

silver, they felt that the problem of galvanic corrosion between silver and

aluminum limited the potential applications for this process.

Recent R&D efforts have been directed at liquid-phase diffuslon-controlled
eutectic bonding techniques. The R-260 bonding process has been developed

for joining aluminum and the R-318 bonding process for joining copper to

aluminum. Both of these techniques utilize a carbon block brazing press with
electrical contact resistance heating. Copies of reports on the eutectlc

bonding techniques and several other useful reports wer_ obtained.

BATTELLE MEMORIAL INSTITUTE - Columbus, Ohio

Principal Contact: Donald C. Carmlchael
Assistant Chief, Materials Development Division

Battelle has been very active in development of solid state diffusion bonding

techniques with primary emphasis on similar metals although some effort has

been devoted to dissimilar metal joining. Major developments have been

accomplished in gas'pressure bonding, diffusion bonding of refractory metals
and roll bonding of sandwich structure.

R&D programs on solld-state bonding have been conducted by the Materials
Joining, Materials Development and Non-Ferrous Metallurgy Divisions. The

Materials Development Division which is responsible for gas-pressure bonding

has performed the major part of past R&D contracts on diffusion bonding. The
Non-Ferrous Metallurgy Division is responsible for development of roll bonding

of sandwich structure. The Joining Division is responsible in general for solid-

state bonding development with the exception of gas-pressure bonding and roll
bonded sandwich s_ructure.
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A llst was obtained of fifteen diffusion bonding programs completed or in progress

at Battelle. Four of these may provide useful information for the current Boeing-
NASA contract.

Title Agency Contract No.

1. Preliminary Study of Diffusion NASA-GE
Bonding Techniques for Use in

Making Tubing Connections in
Stainless Steel

Sub-contract from

General Electric

2. Fundamentals of Solid-State Army Missile DA-01-021-AMC-

Welding and Their Application Command, 11706 (Z)
To Beryllium, Aluminum and Redstone
Stainless Steel Arsenal

3. Effects of Surface Preparation
on Solid State Bonding

AEC W-7405-eng-92

4. Development of Techniques for USAF AF 40(600)-706
Making Throat Blocks for Gas

Dynamics Facilities by Diffusion
Bonding

The following reports in connection with these programs were recommended:

"Preliminary Study of Diffusion Bonding Techniques for Use in Making Tubing
Connections in Stainless Steel" by P. A. Kammer, R. E. Monroe, and

O.C. Martin, dated July 29, 1964.

Obtain from:

Mr. Forrest O. Rathbun

Advanced Tech nology Laboratories

General Electric Company

Schenectady 5, New York

"Fundamentals of Solid State Welding and Their Application to Beryllium,

Aluminum and Stainless Steel" by D. Hauser, P.A. Kammer, and D.C. Martin,
dated July 15, 1965.

Obtain from:

Army Missile Command
Redstone Arsenal

Huntsville, Alabama
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"Effects of Surface Preparation on Solid State Bonding" by D .J. Diersing and
D. C. Carmichael.

Obtain from:

AEC (Expected to be released by October 1965)

A number of abstracts of pertinent literature were obtained during a visist to the

DMIC library.

NORTH AMERICAN AVIATION INC./LOS ANGELES DIVISION, Los Angeles, Calif.

Principal Contact: Julian King, Jr.

Supervisor, Metallurgy, Research and Engineering

North American has been very active in diffusion bonding and has developed
processes for electric blanket bonding, resistance spot diffusion welding, roll

bonding and press bonding. Mr. King indicated that NAA has been supporting

diffusion bonding development on company research funds for the past six years.
In view of the proprietary and competitive nature of solld state bonding research,

discussion was restricted to government sponsored programs and no tour was made
of the laboratories.

The following programs were mentioned as being currently active:

NASA:

USAF :

Development of High-S trength Low-Density Composite Materials

for Saturn Applications

Roll Bonded Titanium Alloy "Y" Ring

Roll Bonded Tank Wall Shape

Research and Development for Fabricating a Simulated Titanium

Alloy Segment for S-1C

Titanium S-1C Skin Sections (Steel Tank Wall)

Roll Bonded Conjugate Tank Development

Diffusion Bonded Honeycomb Sandwich Panels

Spot Diffusion Bonding of Beryllium and Titanium

Mr. King was up-to-date on the Boeing-NASA contract for joining of stainless
steel to aluminum alloy tubes. He indicated that in view of the success achieved
by Boeing on diffusion bonding of dissimilar metal tubing he was considering this

technique in connection with some of the NAA programs.
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NORTHRUP-NORAIR,Hawthorne, California

Principal Contact: Dr. E. B. Mikus
Chief, Materials Research

Northrup is actively engated in development of diffusion bonding techniques with
particular emphasis on diffusion bonded sandwich structure. Dr. Mikus was most

cooperative in discussing their research programs and showing their laboratory

facilities. However, he emphasized that information on diffusion bonding of
titanium alloy sandwich structure is highly proprietary and competitive and should

only be considered as being given on a confidential basis. In any event the

Northrup titanium diffusion bonding process is not applicable to the Boeing-NASA
dissimilar metals program and specific processing details will not be discussed in
this report.

Northrup has not been working on diffusion bonding of dissimilar metals. Current

and past diffusion bonding research has emphasized titanium alloys and refractory

metals with the greatest davances made in liquid-phase diffusion bonding tech-
niques. They feel this is the most feasible approach for honeycomb sandwich

structures because of the light pressures which can be tolerated during bonding.

The most significant problems encountered have been core crush and procedures
for scale-up evaluation. Solld-phase diffusion bonding is being developed for

refractory alloys in addition to the diffusion sink brazing approach. This work

is being conducted on several in-house diffusion bonding research programs and
several USAF R&D contracts.

Several unique items of research equipment were observed during the tour of the
laboratories. One of these was a welding research instrument, called a "Gleeble"

Model 510, manufactured by Duffers Associates, Inc. This instrument can dupli-

cate time-temperature or tlme-temperature-pressure parameters to simulate con-

ditions in welds and heat affected zones on an expanded scale. The instrument
contains a dilatometer which is particularly useful for study of phase trans-
formations.

WESTINGHOUSE ASTRONUCLEAR LABORATORIES, Large, Pa.

Principal Contact: David C. Goldberg

Director, Materials Development

Westinghouse Astronuclear Laboratories are currently active in diffusion bonding
on classified AEC programs. Mr. Goldberg indicated that this work involves

bonding to graphite, and the information would not be applicable to the Boeing-
NASA program in any event. In addition to the classified work, the Laboratories

recently received two NASA R&D programs on austenitic/refractory bimetallic
materials. These are:
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Joining of Austenltic/Refractory Bimetal Tubing

Evaluation of Austenitic/Refractory Bimetals

The project engineer for these programs is:

Phil Stone

NASA Lewis Research Center

Cleveland, Ohio

The joining program involves development of gas tungsten-arc and electron beam
welding techniques for joining of the dissimilar metal tubing. Tubing will be

supplied from another NASA program and will include stainless steel clad and
Inconel clad columbium and tantalum alloys.

The bimetal evaluation program involves investigation of thermal exposure and
thermal cycling, under simulated space power system environmental conditions,

on properties of dissimilar metal sheet. Diffusion and thermal stresses between
the dissimilar metals under ultrahigh vacuum and temperatures up to 1550°F for

thousands of hours of service are the problem areas. The materials are explosive
bonded bimetal sheet consisting of 316 stainless steel and Inconel 600 bonded to

Cb-lZr, FS-85 columblum alloy and T-222 tantalum alloy.
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CONCLUSIONS

Thestate-of-the-art of joining dissimilar metalsby solid state welding hasbeen
determined. Theconclusionsreachedasa result of this surveyare:

• Extensive development work has been conducted on solid state welding,

but only a very limited amount of this effort has been devoted to joining

of dissimilar metals. Basic research and development work to delineate
the problems and their solution is now needed as the first step toward
development of practical processes for solid state welding of dissimilar
metals.

• A considerable amount of useful information is available on solid state

welding of aluminum alloys to steels. Available information on joining
of other dissimilar metal systems which can be directly applied to Contract
NAS 8-20156 is limited.

. Solid state welding of dissimilar metals has been more successful when inter-

mediate materials are used than when only the bare metals are joined. The
principal reasons for this greater success are that intermediate materials

have enabled use of lower bonding temperatures, control of detrimental

intermetallic formation, control of oxide formation and development of a

transient liquid phase bonding process.

. Interdiffusion of AI-Fe, AI-Ti, Ti-Fe and Ti-Ni results in formation of

brittle phases at the interface. Control of this interdiffusion is a key factor
in the development of solid state welding processes for dissimilar metals.

Control of detrimental interdiffusion is greatly simplified by use of inter-
mediate materials.

. Accelerated rate of corrosion is a potential problem in joining of any

dissimilar metal combination. The probability of encountering this problem
is significantly increased by use of intermediate materials. Careful con-

sideration should be given to corrosion effects in study of solid state weld-
ing of dissimilar metals.
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ANNOTATED BIBLIOGRAPHY

•

e

•

Albom, M.J., "Solid State Bonding", Welding Journal, June 1964,
pp 491-504.

A review of the fundamentals of solid state bonding is presented with a
limited discussion on actual bonded samples. Beryllium, Ti-75A titanium,

Cb-752 columblum, Mo-0.5Ti, and Ta-10W tantalum alloys were pressure
bonded. Beryllium was bonded at a temperature range from 1500 ° to

2800°F for 1 hour in a vacuum of 5 x 10-5 torr. Molybdenum clamps were

used as fixtures with differential thermal expansion between the molybdenum
and beryllium providing the pressure needed. The resultant joint showed

no evidence of grain coarsening, and pull tests produced 100% joint

efficiencies in butt joint round test specimens• For Ti-75A, temperatures
less than 1700°F at pressures ranging from 200-600 psi at times up to

15 minutes in a protective atmosphere were used. Satisfactory solid

state bonds in Cb-752 were obtained at pressures less than 1000 psi at
2000 ° to 2200°F in a protective atmosphere. The Mo-0.5Ti alloy was

bonded at 2100°F for 15 minutes at 500 psi in a protective atmosphere.

Examples of dissimilar metal combinations of Mo-0.5 Ti to Cb-752,
Mo-0.5Ti to Ta-10W, and stainless steel to titanium were also mentioned..

Diffusion of titanium and stainless steel was observed to cause formation

of brittle interface layers.

Anderson, O.L., "Adhesion of Solids: Principles and Applications", Bell
Laboratories Record, November 1957.

The principles of adhesion of solids are discussed with emphasis on the effect
of localized plastic deformation and piercing of oxide film in facilitating

adhesion. Investigation led to development of a technique called thermo-
compression bonding for connecting electrical leads to germanium and silicon

semiconductors. Features of process are bonding in air without fluxes, low

pressures ensure no mechanical or crystal structure changes in semiconductor,
low temperatures ensure no diffusion of metal into semiconductor. Most

success is achieved when metallic filament is very soft.

Baird, J.D., "The Formation of Intermediate Alloy Layers in the Inter-

Diffusion of Metc_ls", Journal of Nuclear Energy, Part A: Reactor Science,
Vol. II, 1960, pp 81-88•

An analytical discussion is given of conditions where the equilibrium phases

are not formed in a diffusion couple of two metals• The absence of a phase

predicted by the equilibrium diagram could be due either to difficulty of
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nucleation or to a very low growth rate. The latter is probably the reason

for many of the reported cases, especially where missing phases have higher
me'lting points (and therefore probably lower diffusivities) than the other

intermediate phases in the system. It is postulated that once nucleated, a
phase layer should grow parabolically if growth is controlled by volume

diffusion through the layer. However, if grain boundary diffusion pre-

dominates, it is stated that non-parabolic growth of a phase layer occurs.
In addition, grain boundaries must be considered as a channel which feeds
diffusing material into the grains on either side. Grain boundary diffusion

is predicted to predominate at low temperatures and volume diffusion at

high temperatures. Oxide layers are expected to be important mainly in

the earlier stages of interdiffuslon and will limit initial phase growth

intermediate between linear and parabolic.

The most striking and unexpected feature of experimental work on layer
growth is the large effect of pressure. One explanation of the effect is

that the stabilities of the intermediate phases are altered by pressure.

According to the conclusions reached, parabolic growth rates of layers are

to be expected at relatively high temperatures where good contact is main-
tained between the metals by the application of pressure, and where pre-

cautions are taken to prevent interference from oxide films.

Barnes, W.A., "Cold Pressure Welding," Tool Engineer, Vol. 32(5),

May 1954, pp 75-78.

A general summary of cold pressure welding is discussed without getting
into any of the technicalities involved. This method is effective only in

joining relatively soft materials such as aluminum, copper, lead, tin,
nickel, silver, and platinum to themselves or each other.

When joining foils of 0.005 inch or less, a clean oxidized surface is
required; materials over 0.006 inch are required to have an abraded or

galled surface. Lap or butt welds are feasible. Wires can even be joined

by butting them and progressively cold flowing them together. Wire
diameters successfully cold welded range from 0.032 inch to 0.375 inch.

Impact tools can be used for some applications of cold welding; however,

generally uniformly applied pressures are more satisfactory. Tensile and

torsion tests on regular butt and lap welds have indicated strengths above
95% of that of the base metal.

Barta, I.M., "Low Temperature Diffusion Bonding of Aluminum Alloys",

Welding Journal, Vol. 43, June 1964, pp 241s-257s

The diffusion bonding of aluminum alloys can be achieved at 300 ° to 450QF

with clad aluminum sheet providing the best diffusion aid or intermediate
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material. Plasma spraying showed promise as a technique for applying

diffusion aids. Electroplated Cu, Sn and Zn did not prove satisfactory
as diffusion aids when bonding at low temperatures. Bare metal bonding

proved unsatisfactory at low temperatures for the alloys tested: 7075,

6061, 2219. Surface preparation and cleaning are important for success-
ful diffusion bonding. Machined serrations on interface surfaces give

higher strength bonds with low temperature bonding.

Buginas, S.J., "Diffusion Bonding: An Annotated Bibliography", Lockheed
Missiles and Space Co., Sunnyvale, California, Special Bibliography SB-63-5,
March 1963.

This bibliography contains selected references on diffusion bonding and hot
pressure welding from the years 1940-1962.

Butts, A., and Van Duzee, G.R., "Cold Welding of Silver", Trans. of the

Electro Chemical Society, Vol. 74, 1938, pp 327-339.

Time-temperature-pressure relationship in pressure welding of silver was
studied at temperatures from 390°F to 750°F and pressures up to 45,000 psi.

A curve was obtained showing the minimum time necessary to obtain

adherent welds at various temperatures under a pressure of 45,000 psi and
under varying pressures at a temperature of 750°F. It was found that 390°F,

_1 _* .... t' ,I el -'_ s.l__ I ...... & 4, & _4.T e I_cry_lUlllZ.U11u11 _liip_i,,.i_v_ ,,.,_ v,,,.,... ,.,,,..,..., , .................. I'- ........

which adherent welds could be obtained, except possibly with greatly pro-

longed applicatlon of pressure. Above 390°F, the time necessary to produce

an adherent weld decreases rapidly.

Welds obtained by rolling had greater bond strength than welds obtained by

constant pressure in a fixed position. Very thin films of foreign matter
between the silver surfaces under pressure caused little interference with

welding.

Carmichael, D.C., "Diffusion Bonding Sets Sights on the Near Perfect

Joint", Iron Age, July 18, 1963, pp 81-83.

Discussion of solid-state diffusion bonding, including the technique of

gas-pressure bonding (is,static bonding), vacuum-diffusion bonding and
eutectlc-diffuslon bonding, of dissimilar metals and ceramics of complex

shapes. High joint strengths are obtained, usually equal to that of the

base metal. Emphasis on gas-pressure bonding using a high pressure auto-
clave with gas pressure up to 15,000 psi at up to 3000°F. Atomic diffusion
bridges the differences between many dissimilar metals. Advantages are

high strength bonds produced with comparatively low temperatures and with
ml nlmum of distortion.
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Castleman, L.S., "An Analytical Approach to the Diffusion Bonding Problem",

Nuclear Science and Engineering, Vol. 4, 1958, pp 209-226.

Attention is focused on the interdiffusional aspects of the diffusional bonding
problem as it related to the fabrication of clad fuel elements and their

operation at elevated temperatures. Certain idealized cases of core-cladd-

ing interdlffusion occurring in single phase, two-phase, and three-phase
systems are examined analytically. In the two-phase and three-phase

systems, the importance of the roles played by the boundary and interface
concentrations and the diffusion coefficients in controlling interface move-
ment and interdiffusion is evaluated in detail.

Castleman, L.S., and Seigle, L., "Fundamentals of Diffusional Bonding I"
Report No. SEP-227, General Telephone and Electronics Laboratories,
Bayside, New York, August 13, 1956.

A detailed study has been initiated of the formation of intermediate layers

in the diffusion zone of AI-Ni diffusion couples. This system was chosen
because of its significance in fuel element technology. It has been confirmed

that only two out of four possible layers form observably during diffusion -

the Ni2AI 3 and NiAI 3 phases. The growth of the intermediate layers occurs
initially at a rate different from that predicted by the ideal diffusion
equations; however, once a minimum thickness is reached, behavior
becomes more normal.

Castleman, L.S. and Seigle, L., "Fundamentals of Diffusional Bonding I1",

Report No. SEP-245, General Telephone and Electronics Laboratories,
New York, Feb. 15, 1958.

The study of the kinetics of layer growth in the aluminum-nickel system and
the effect thereon of applied pressure has been continued. Additional infor-

mation has been obtained about the growth of beta phase, and a method was

developed whereby the kinetics of growth of the beta phase could be investi-
gated. The implications of Vasileff's equations which provide the solution

for interdiffusion in a three-phase two-component system have been examined
semi-analytically, and quantitative insight has been gained into the kinetics

of interface movement. Finally, an investigation of the kinetics of interface

movement and layer growth has been begun on systems which have less compli-

cated phase equ|librium relationships than those existing in the aluminum-
nickel system.

Castleman, L.S., and Selgle, L., "Fundamentals of Diffusional Bonding II1",

Report No. SEP-251, General Telephone and Electronics Laboratories,
Bayside, N.Y., June 30, 1958.

An investigation has been begun of interdiffusion in the aluminum-uranium

system and of the effects thereon of applied pressure. In confirmation of the
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14.

15.

results of other investigations, it has been found that UAI 3 layer growth
is accelerated by increasing applied pressure. The growtl_ kinetics are

characterized by a "transient" period, during which growth occurs non-

parabolically, which is followed by a "steady state" period of parabolic
growth. Interesting correlations are shown to exist between annealing

time, annealing temperature, and applied pressure on the one hand, and

the nature and distribution of structural defects in the UAI 3 diffusion zone.

Castleman, L.S. and Seigle, L., "Fundamentals of Diffusion Bonding IV",
Report No. SEP-253, General Telephone and Electronics Laboratories,
Bayside, N.Y., June 30, 1959.

The investigation of interdiffusion in the aluminum-uranium system and of

the effects of applied pressure thereon have been substantially completed.

The kinetics of growth of the UAI_ phase have been determined in the
tempe rature range 750 ° to 1110 °F-and at pressures of 3500, 10,000 and

20,000 psi. The origin of the macroscopic defects occurring in the UAI 3
layer during interdlffusion has been clarified. The solubility range of

UAI 3 has been determined by a nuclear track emulsion technique to be
about 2.6 a/o uranium. Exploratory runs have been made with incremental

diffusion couples of aluminum vs. UAI 3 and UAI 3 vs. uranium discs to

determine the growth rates of the UAI 4 and UAI 2 phases. A theoretical
estimate has been made of the extent to which pressure-induced shifts in

_,_...... .J_._ _._.n:: " _ ..... ;,'_2,_r_,nt _n influencina intermetallic layer

growth in the aluminum-uranium and aluminum-nickel systems.

Castleman, L.S., Froot, H.A., and Seigle, L., "Fundamentals of Diffuslonal

Bonding V", Report No. SEP-256, General Telephone and Electronics
Laboratories, Bayside, N.Y., June 30, i960.

An exploratory investigation has been completed of the effects of applied
pressure on the kinetics of growth of intermetallic layers in the aluminum-

thorium system. Contrary to an earller published report, no appreciable

effect of pressure is found, and the growth kinetics appear to be conventional.

Also, preliminary data have been obtained on the effects of pressure on the

kinetics of growth of the beta brass intermetall ic layer in saturated alpha
brass vs. saturated gamma brass couples.

Castleman, L.S., Froot, H.A., Seigle, L., "Fundamentals of Diffusional

Bonding VI", Report No. SEP-258, General Telephone and Electronics
Laboratories, Bayside, N.Y., June 30, 1961.

The study of the effects of pressure on the kinetics of growth of intermetallic

layers in binary diffusion couples was continued. It was found that pressure
diminishes beta-brass layer growth in saturated alpha-brass vs. saturated
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17.

gamma-brass diffusion couples both above the below the critical transition

temperature range for ordering. The effect of pressure appears to be less
in the ordered temperature range. In the alumlnum-uranium system, the

growth of the UAI 3 intermetalllc layer contrary to expectatlons, is not
diminished in the pressure range 20,000 to 200,000 psi. An argument is
advanced, based on the activation volume concept, that the aluminum

ions diffuse in UAI 3 by an interstitial mechanism.

Castleman, L.S., Froot, H.A., and Seigle, L., "Fundamentals of Diffusional

Bonding VII", Report No. SEP-260, General Telephone and Electronics

Laboratories, Bayslde, N.Y., June 30, 1962.

An investigation has been completed of the growth kinetics of beta-brass

layers in alpha-brass vs. gamma-brass diffuslon couples. It was found that
useful estimates of the diffusion coefficients at the interfaces can be made

from interface displacement data, and a useful estimate of the mean heat
of activation for diffusion can be made from layer growth data. The effects

of pressure on layer growth kineHcs were explored and found to be consistent

with a vacancy model for diffusion in beta-brass in both the disordered and

ordered temperature ranges. Prellmlnary work has been started on investi-
gation of multi-phase diffusion in ternary systems.

Castleman, L.S. and Selgles, L., "Fundamentals of Diffusional Bonding

VIII Final Report:" Report No. GTR-21, General Telephone and Electronics
Laboratories, Bayside, N.Y., Dec. 15, 1963.

A study was undertaken of interdiffusion in the copper-zinc-nlckel system.
The identity and sequence of appearance of the intermediate phases found

in the diffusion zone were determined by correlation of metal lographlc
observatlons of microstructure with details of the equilibrium phase diagram

and with electron-beam-probe microanalysis. It was found that all except
possibly one of the intermediate layers growing in the diffusion zones of the

diffusion couples investigated consisted of single phases. In some of the

couples the concentration consisted of single phases. In some of the couples
the concentration of zinc did not vary monotonically wlth distance. The

sequence of phases in the diffusion couples was independent of time at each

temperature. The diffusion paths for couples having the same component

as one terminus and a binary alloy of the remaining two components as the
other terminus did not appear to cross. The tangent to the diffusion path

in the vicinity of the terminal compositions tended to orient itself so that
the angle between it and the lines radiating from the apex of the fastest

dlffuslng component was small. In general, the results corroborated many
of the observations and conclusions of Clark and Rhlnes for the alumlnum-

magnesium-zinc system.
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19.

20.

Castleman,L.S., and Seigles, L.L., "Formationof Intermetalllc Layers
in Diffusion Couples", Trans. AIME, Vol. 209, 1957, pp 1173-1174;
Journal of Metals, October 1957.

Diffusion bonding studies of the alumlnum-nickel system were used to
demonstrate that the diffusion couple technique must be used with caution

when attempting to identify phases present in an equil ibrlum diagram.

It was shown that the beta (NiAI3) and gamma (Ni2AI3) phases occur at
600°C (1110°F) within minutes. Times in excess of 340 hours at 1110°F

were required to produce identifiable delta (NiAI) and epsilon (Ni3AI)
phases. This indicated that high melting intermediate phases grow very
slowly in diffusion couples. The delta and epsilon phases were observed
to grow very rapidly at temperatures above the eutectlc, which occurs at
640°(2 (1180°F).

Castleman, L.S., and Seigles, L.L., "Layer Growth During Interdiffusion

in the Aluminum-Nickel Alloy System", Trans. AIME, Vol. 212, 1958,
pp 589-596.

The kinetics of growth of intermediate phase layers in the aluminum-nickel

system has been explored in diffusion couples annealed in the temperature

range 750 ° to 1160°F for times up to 340 hr. and under pressures up to
ivlvvv _,_.o , ............

i

zone at 1160°F that are thermodynamically stal_le at the diffusion temp-

erature; these phases are the NiAI3(beta), NI2AI 3 (gammaS, NiAl(delta),
and Ni 3 AI (epsilon) intermetallic compounds. The rate controlling factor
affecting the kinetics of growth of the gamma phase in the early stages is

not yet clear; after a minimum thickness of 0.025 to 0.030 mm is reached,
however, volume diffusion controls layer growth. It is estimated that the

chemical diffusion coefficient is 9.1 x 10-10sq cm per sec and that the

heat of activation for diffusion is 31,000 cal per mol. An applied pressure
of 10,000 psi reduces the diffusion rate by about 27 pct. Volume diffusion

controls the growth kinetics of the beta phase after a minimum thickness of
0.040 mm is reached; it is estimated that the 1160°F diffusion coefficient

is about 1.8 x 10-11 sq cm per sec and the heat of activation is approximately
27,000 cal per mol. Tentatively, it appears that pressure affects the growth

of the beta phase much less than the gamma phase. The growth kinetics of
the delta and epsilon phases also appear to be volume diffusion controlled.

Clark, E.J., "Vacuum Diffusion Joining of Titanium", Welding Journal,

Vol. 38(6), June 1959, pp 251s-259s.

Titanium alloy Ti-5AI-2.5Sn components can be vacuum brazed with fine
silver filler and diffused in one operation to give joints with tensile and
shear properties equal to that of base metal.
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Wherea metal-to-metal fit of partsexists, titanium-alloy joints can be
vacuumdiffusion bonded in the 1800 to 1900°F temperature range, with-

out filler, to give metallographic homogeneity and strengths equal to base
metal.

The procedures described in this article offer the basic advantages normally
associated with a brazing process together with exceptionally high joint

properties which are usually achieved only by welding.

Colton, R.M., Fitzpatrick, R., and Rizzitano, F.J., "Solid State Bonding

of Prototype Titanium Rocket Motor Casings", U.S. Army Materials Research
Agency, Watertown, Mass., ARMA MS64-04, March 1964.

Solid state bonding techniques were successfully used to fabricate large
diameter thin wall titanium motor casings. The material used for the investi-

gation was TI-6AI-6V-2Sn titanium alloy rings having a diameter of 22 inches.

The rings were joined by bonding using a butt joint. Axial pressure was

applied using hydraulic pistons. Heat was applied externally using an oxy-
acetylene flame ring. The inside surfaces of the ring were protected by argon

gas during bonding. An initial pressure of 8000 psi was applied to the joint.
The part was then heated to 1650°F and at the start of plastic flow (upsetting)

the pressure was reduced to 4000 psi. The entire bonding cycle required
2 minutes - 13 seconds.

Prior to bonding, the material had been solution heat treated at 1580°F for

1 hour and water quenched. After bonding, the parts were aged at 1100°F

for 1 hour. Tensile specimens taken perpendicular to the bonded interface

gave a joint efficiency of 90%. Metallographic examination showed the

bonded area was free of embrittled zones and possessed a uniform wrought
structure without metallurgical discontinuities.

Cooke, V.W. and Levy, A., "Solid Phase Bonding of Aluminum Alloys to
Steel", Journal of Metals, Vol. 28(35), November 1949, pp 28-35.

Three procedures for solld-phase bonding of aluminum alloys to various steels

have been investigated and found capable of producing high bond strengths.

The twist and shear methods are characterized by low bonding temperatures

and considerable deformation. The hot-press method employs slightly higher
temperatures and no external lateral movement. Variables investigated were

bonding temperature, pressure, surface preparation, deformation, composition
and subsequent heat treatment.

Regardless of initial bonding technique, strengths of as bonded assembles

were found to be increased as much as 100 pct by subsequent annealing.
Both 32S and B18S alloys bonded to 18-8 stainless steel frequently could be

strengthend by solution heat treatment and aging, without lowering of bond

strengths.
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24.

Cowan, G.R. and Holtzman, A.H., "Flow Configurations in Colliding

Plates: Explosive Bonding", Journal of Applied Physics, Vol. 34(4),

April 1963, pp 928-939.

The collision of plates at high velocity sometimes causes them to be

metallurgically bonded. A study has been made of the nature of the bonds
and of the conditions required to produce bonding. A necessary requirement

is the formation of a jet in the space ahead of the region of impact. When

the collision region moves along the plates at a velocity which exceeds the
bulk sound velocity of both materials, the relative velocity of the plates

must exceed a critical value for jetting. Clarification of these critical

conditions in symmetric collisions, and a correct extension of asymmetric
collisions have been obtained by consideration of the effect of downstream
boundary conditions on the configuration of the shock waves attached to

the collision llne in the jetless case. When the velocity of the collision
is subsonic, bonding is obtained when the elastic strength of the material is

exceeded. Metallographlc examination shows that three types of bond may

be formed: (1) a direct bond, (2) a uniform layer of solidified melt, and
(3) a wavy interface w ith discrete regions of solidified melt alternating with

regions of direct bond. Consideration of the flow indicates the following:

(1) the direct bond results from the removal of the surface layers as part of

the jet, (2) the alloy results from the melting caused by entrapment of the
high velocity jet between the plates, and (3) the wavy interface is caused

0y an oscliiarlon in rne let riow wn_cn proauces rne mlxea type o1"bonalng.

The thickness of the continuous alloy layer, which greatly exceeds the cal-

culated jet thickness, indicates that entrapment of the jet dissipates most of
the kinetic energy lost in the collision. Analysis of the layer _ndi_:ates a

composition and structure which is expected from the rapid quenching of a
well-mixed melt.

Crane, C.H., L.ovell, D.T. and Baginski, WoA., "Research Study for

Development of Techniques for Joining of Dissimilar Metals", The Boeing

Company, Seattle, Washington, for NASA, Huntsville, Alabama, Contract
NAS8-11307

Quarterly Progress Report 1, October 15, 1964
Quarterly Progress Report 2, January 15, 1965

Quarterly Progress Report 3, April 15, 1965
Quarterly Progress Report 4, July 15, 1965

Literature Survey - "Joining of Dissimilar Metals", October 1964

A research program was conducted to: (1) study and investigate potential
methods for joining 2219 aluminum alloy to 321 stainless steel and (2) demon-

strate the feasibility of adapting the most promising methods to production
requirements, i.e, 20 to 50-1nch cylindrical assemblies capability of cryo-
genic service.
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State-of-the-art cognizance was established by a comprehensive literature

survey and analysis of present technology. The three most promising methods-
diffusion bonding, brazing and fusion welding - were selected for further
study and development.

This evaluation proved diffusion bonding to be the best method for joining
2219 aluminum alloy to 321 stainless steel. The unique bonding method

produced high strength, ductile joints and utilized diffusion aids as well as

low processing temperatures and short times to effectively control formation
of embrittling phases at the joint interface.

Successful diffusion bonding was accomplished at (1) temperatures of 500°F
to 600°F, (2) pressures of 20 to 25 ksi and (3) times of 2 to 4 hours. The

joint faylng surfaces were electroplated with solder prior to bonding. The
silver prevented the formation of oxide-film barriers and controlled formation
of embrittling phases.

Processing techniques for diffusion bonding of large diameter assemblies were

successfully developed and demonstrated by fabrication and testing of four

20-inch diameter joints. A unique diffusion bonding method was developed
utilizing simple differential thermal expansion tooling. The method can be

economically adapted to production requirements.

It was concluded that diffusion bonding is the most satisfactory method for

joining large diameter stainless steel to aluminum alloy cylinders and is
superior in strength and reliability to welding or brazing.

Davies, R.J. and Stephenson, N., "Diffusion Bonding of Nimonic 90 Nickel-
Chromium-Cobalt Alloy", British Welding Journal, Vol. 9(3), March 1962,
pp 139-148.

Techniques were sought for joining components of Nimonic 99 Ni-Cr-Co

alloy for applications in which the strength of the joint is required to match,
or at least approach that of the parent material, but where marked deformation
of the components is unacceptable, and conventional fusion-and resistance-

welding processes are unsuitable. The procedures examined were (i) hot- or

cold-pressing, using soft metal or alloy interlayers, followed by heat treatment

causing diffusion in the solid state, and (ii) pressure brazing, also followed by
diffusion treatment. The interlayer materials and brazing fillers used were

types likely to alloy with the parent material during diffusion treatment.

Butt joints, having good stress-rupture strength at 1500°F were made by

pressure brazing in a protective atmosphere with a Ni-Mn-Pd filler alloy,
followed by diffusion and aging treatments without pressure. Joints similarly
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silver fittings and tubing to silver storage vessels. The diffusion bonding

was conducted at temperatures between 380 ° and 720°F. Prior to bond-

ing, material having an as-rolled surface was cleaned with methanol.

Specimens (lap joint) were prepared by placing the material between two
dies while being heated in a muffle furnace. After reaching the desired

temperature, the dies were removed and placed in a hydraulic press.

Pressure was applied to reduce the joint thickness by 50%. Shear testing
showed that the 720°F temperature gave the best bonded joints.

28. Dulin, C.H., "Alcoa Pressure Bonding Process", Alcoa Green Letter,

August 1960.

A pressure bonding process (U.S. Patent 2,908,073) is described for bond-

ing of aluminum to stainless steel, carbon and alloy steels and copper.
Various applications for this process are illustrated.

29. Eckel, J.F., "Diffusion Across Dissimilar Metal Joints", Welding Journal,

April 19641 pp 170s-178s.

The review and study of element migration across a ferritic and austenitic

diffusion couple are discussed. The experience on dissimilar welded joints
in power generating equipment has shown that the migration of carbon from

the ferritic material to the austenitic material is a major problem.

Studies of diffusion bonded joints between the dissimilar alloys, AISI 304
(.06C) and SA 212 (.25C), have shown that C migrates from ferritic steels

across the interface in the direction of the alloy (304) having the higher
chromium content° This migration of interstitial carbon results in extensive

precipitation of carbides. Accompanying the migration of interstitial C is
a migration of the substitutional atoms Fe, Cr and Ni. Evidence was

obtained indicating that Fe diffuses into an austenitic steel from a ferritic

steel, that Ni diffuses into the ferritic steel and that Cr diffuses away fron_

the interface in both directions. Interposition of a Ni barrier between a
ferrltic and austenitic stainless steel reduces but does not prevent C migration.

As the carbon content increased in the AISI 304 steel, the following carbides

were formed in order: (Cr, Fe)4C, (Cr, Fe)7C 3, (Cr, Fe) C The effect of3 "
more rapid grain boundary diffusion was apparent in that martensite (caused
by nickel migration in the SA 212 steel) extended beyond the volume dif-
fusion front in the SA 212 steel and isolation of ferrite grains occurred.

Diffusion studies were conducted in helium and vacuum atmospheres.
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30. Elliott, R.P., "Diffusion in Titanium and Titanium Alloys", USAF Report
ASD-TDR-62-561, October 1962.

The self-diffusion of titanium and the interdiffusion of aluminum, zirconium,

molybdenum, vanadium, and oxygen in titanium have been investigated in
the temperature range 600°-1300°C. Diffusion couples were prepared by

roll-bondlng or press-bonding techniques. Electron microprobe methods
were used to determine the penetration of the substitutlcnally dissolved
solutes; vacuum fusion analysis was used to determine the penetration of

interstitially dissolved oxygen. The electron microprobe analysis could

not be used to determine the penetration curves of aluminum in titanium

because of the very high absorption of characteristic aluminum X-radiation
by titanium.

The self-diffuslon of titanium was investigated by studying penetration of
Ti 44, formed by bombarding scandium with protons. Diffusion couples were

formed by dissolving Ti44-enriched TiO 2 into the titanium. The self-
diffusion coefficients of alpha Ti and beta Ti and the interdiffusion coefficients

of Zr, Mo, V and O in alpha Ti and beta Ti were determined and the data
presented.

31. Evans, R.M., "Notes on the Diffusion Bonding of Metals", Defense Metals
Information Center, Battelle Memorial Institute, Columbus, Ohio, DMIC

Memo 53, April 1960.

Notes from a literature survey on diffusion bonding are presented. Most of
the practical development work has been limited to the appllcation of dif-

fusion bonding to particular products such as nuclear reactor components.

A definition is given for diffusion bonding and applicable diffusion bonding
processes are reviewed. Various aspects of diffusion bonding are discussed

with the subject divided on the basis of two joint systems: metal-to-metal

with intermediate materials in the joint area and metal-to-metal without

intermediate materials. It is pointed out that the metals joining industry
|s in need of basic research programs in this area.

32. Falrlie, J., "Explosive Welding and Forming Open Another Door to Industry",

Welding Engineer, April 1959, pp 61-64.

Possible applications of explosive forming and welding are presented. Pre-
liminary welds have been made on materials such as: aluminum to aluminum,
aluminum to Inconel, aluminum to stainless steel, stainless steel to itself
and aluminum sandwiched between stainless steel.
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Feduska,W., "The Nature of the Diffusion of BrazingAlloy Elementsin
Heat ResistingAlloys", Welding Journal, February1961, pp 81s-89s.

A microstructuraland microhardnessstudywas madeof the diffusion of
single and binary combinationsof elements,presentin commercialhigh
temperaturebrazing alloys, into heat-resistingalloys. Basemetalsused
were AISI 410, AISI 347, Alloy 3, Alloy 4 and Alloy 5. Dataobtained
on 105diffusion samplesisolated the effectsof individual diffusion elements
during the interface reactionswhich take place between the brazing alloy
and basemetal.

Feinsteln, L., "Diffusion Bonding", Stanford Research Institute, Menlo

Park, Calif. Presented at the ASM Sponsored 1964 Golden Gate Metals
Conference, San Francisco, Calif., Feb. 1964.

Diffusion bonding is defined and the features which distinguish diffusion
bonding from brazing are described. Diffusion mechanisms are discussed

and examples given of diffusion in bonding of similar and dissimilar metals.

Since diffusivity is temperature dependent, the bond will be formed faster

with higher temperatures. When a liquid phase is present at the interface,
diffusion rates are greatly increased. With a well designed system is is

possible to form at relatively low temperatures a bond which has a melting
point and bond strength approaching those of the base metal.

Gaiennle, B., "Diffusion Bonding: The State of the Art", Machinery,
March 1965, pp 139-143.

The general aspects of diffusion bonding are presented. The state-of-the-

art is fairly advanced as indicated by prototype production in several areas.
General research is directed toward optimizing temperature, pressure and

time combinations, interface preparation, joint design, interface catalyst

and development of bonding techniques and equipment. It was found that
maximum diffusion of the interfaces could be obtained at approxlmately

one-half the melting temperature of the metal involved. It was also

determined that pressure and time elements used, can vary inversely through
a wide range without affecting bonding results.

Gatsek, L.F., "Bonding and Welding of Dissimilar Metals", Light Metal Age,

April 1965, pp 10-13.

A summary of dissimilar metal joining techniques is presented with emphasis

placed on aluminum to stainless steel joining. The processes discussed

inc l ude braz i ng, d i flus ion-bond ing, resls tance-weld i ng, solde ring, pe rcussion
stud-welding, ultrasonic welding and roll bonding. Brazing and diffusion
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bonding are the two processes of practical appllcation to large diameter

tube joining. Brazing of 6061 aluminum to 304L stainless steel is accom-
plished by hot-tinnlng the steel and dip brazing using Alcoa 718 alloy

filler. The tin on the 304L alloy serves as a barrier material even though
it is in a molten state at the brazing temperature. An interface material

is applied to both aluminum and stainless steel when diffusion bonding is

used. Silver and copper have been used as interface material for diffusion
bonding aluminum to aluminum in an argon-gas atmosphere.

Hess, W.F., and Nippes, E.G., "A Method for Welding Sheet Aluminum

to SAE 4140 Steel", Welding Journal, March 1946, pp 129s-148s.

The joining of aluminum to steel by resistance welding was investigated.
The application was for joining aluminum cooling fins to SAE 4140 steel

aircraft engine cylinders. The authors determined that the resistance

welding had to be accomplished without melting of the steel because of the
formation of brittle iron-alumlnide phases at the interface. It was also
necessary to create a weld (or bond) without heating the steel above its

austenlzlng temperature to prevent a martensitic structure from forming during

cooling of the weld (or bond).

An interface metal was required to obtain a satisfactory weld. Tin, zinc,
chromium, cadmium, copper and silver were electroplated to the steel. Of

these metals, silver was the most satisfactory providing high-strength,
ductile welds over a wide range of welding current and plating thickness.

Hirano, K., Agarwala, R.P., and Cohen, M., "Diffusion of Iron, Nickel,
and Cobalt in Aluminum", Acta Metallurgia, Vol. 10, Sept. 1962,

pp 857-863.

Interdiffusion coefficients of iron, nickel and cobalt in aluminum have been

determined over a temperature range of 660 ° to 1170°F, using radio-actlve
tracers and the residual-activity technique. The experimentally determined

frequency factors and activation energies are quite small compared to those
for zinc diffusion in aluminum and for self-diffusion in aluminum. This

contrast in behavior is explained on the basis of the extremely low solid
solubilities of iron, nickel and cobalt in aluminum, which reduce the flux

through the lattice to the point where diffusion along short-circuiting paths

becomes controlling. The appropriate solution of the diffusion equation and

the quantitative results obtained suggest that normal concentrations of dis-
locations can provide the necessary short- circuiting paths.
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Hollander, M.B., "Welding Metals by Frlction", Materials in Design
Engineering, February 1962, pp 79-81.

A summary of friction welding is given. This process involves rotating

one work piece against the other, developlng frictional heat at the inter-
face. When interface softening occurs, rotation is stopped and the pieces

are upset forged together. The basic process variables are axial pressure,
surface sliding speed and time. Materials joined by this method include

the various steel alloys and selected light metals. Primary application has
been joining oil well drill pipe.

Hughson, R.V., "New Process for Ti-Clad Steel Plate", Chemical Engineer-
ing, Vol. 68(10), May 15, 1961, pp 194-198.

A process developed by Lukens Steel Company for producing titanium clad

steel plate is described. An enclosed sandwich of titanium sheet and A-204

low carbon manganese steel plate is flushed continuously with argon while

being heated before rolling, to eliminate impurities that interfere with the
bond. Two clad plates with the titanium back to back are roll bonded in

one sandwich. Preheat temperature limit before rolling is 1700 ° to 1750°F.
A reduction of at least three to one is required for good bonding. No inter-

mediate material is used. Method of forming, cutting and welding of Ti-
clad steel are discussed.

Kinzel, A.B., "Adams Lecture - Solid Phase Welding", Welding Journal,

Vol. 23 (12), December 1944, pp 1124-1144.

A comprehensive review of solid-phase welding is presented. This process
is broadly defined as joining without the formation of a liquid phase during

the process. The best criteria for evaluation of a solid-phase weld is
elimination of the original interface, this occurs by crystal growth and

diffusion. Phase transformation was shown to have an important effect on

the weld. Temperature plays a major and even dominant role in solid-state
welding. For ferritic steels the temperature must be above the critical

temperature for trans-interface crystallization in order to provide a satis-

factory bond. Theoretical consideration of diffusion and related variables

is presented for application to solid-state welding.

Kuper, A.B., Lazarus, D., Manning, J.R., and Tomizuka, C.G.,

"Diffusion in Ordered and 'Disordered Copper-Zinc", Physical Review,

Vol. 104(6), December 1956, pp 1536-1541.

The dlffusivities of Cu 64, Zu 65, and Sb124 in single crystals of 47-48 atomic

per cent zinc copper-zlnc (beta brass) have been measured over the temperature

range 510°-1500°F, by using sectioning techniques. The diffusion coefficients
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show a striking dependence on the degree of long-range order at temp-
eratures below the critical temperature 874°F. A slight dependence of
the diffusion coefficient on short-range order is noted above the critical

temperature. The diffusion coefficients obey an Arrhenius equation only
in the fully disordered phase, with temperature dependences given by
D = 0.011 exp(-22000/RT) cm2-sec, DZn = 0.0035 exp(-18,800/RT)
c_/sec; D8b : 0.08 exp (-23,500/RT) cm-2/sec. The variation of the
diffusion coefficients with temperature in the ordered phase is considered

in terms of a simple elastic model. Excellent agreement is obtained by

using the measured elastic constants and assuming that the energy for
motion of the imperfection is simply related to the smallest (110) shear
modulus. In the disordered phase Sb diffuses faster than Zn or Cu, while
in the ordered phase Sb diffuses at the same rate as Zn, which is faster

than Cu. This result is shown to be inconsistent with an interchange,
interstltial, or nearest-neighbor vacancy mechanism for diffusion. The

result is consistent with an interstitialcy mechanism.

Lamb, H. J., and Wheeler, M.J., "The Identification of Intermetallic

Layers Formed on Aluminized Steel by Means of the Electron Probe Micro-

analyzer" Journal of the Institute of Metals, Vol. 92, 1963-64, pp 150-152.

An investigation was conducted of the nature of aluminum coating on
aluminized steel containing a double intermetallic layer. The layers were

identified by compositional means to be Fe2AI 5 adjacent to the steel and

Fe AI 3 adjacent to the aluminum.

LeClalre, A.D. and Bear, I.J., "The Interdiffusion of Uranium and

Aluminum", J. Nuclear Energy, Vol. 2, 1956, pp 229-242.

Results are given of measurements of the width, as a function of temperature
and pressure, of the diffusion zone formed by the interdiffusion of uranium

and aluminum and of the relative penetration of uranium into aluminum and
of aluminum into uranium.

The experiments are unusual among diffusion measurements in showing an
appreciable accelerating effect of pressure on the rate of interdiffusion.

This is not marked for temperatures below 1000°F. The penetration of the
uranium into the aluminum is about 2-1/4 times faster than that of the
aluminum into the uranium.

The results of a microscopical and x-ray examination of the diffusion zone

are presented, and a discussion is given of the possible origins of the
pressure effect.
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40.
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Hollander, M.B., "Welding Metals by Friction", Materials in Design

Engineering, February 1962, pp 79-81.

A summary of friction welding is given. This process involves rotating
one work piece against the other, developing frictional heat at the inter-

face. When interface softening occurs, rotation is stopped and the pieces

are upset forged together. The basic process variables are axial pressure,
surface sliding speed and time. Materials joined by this method include

the various steel alloys and selected light metals. Primary application has
been joining oil well drill pipe.

Hughson, R.V., "New Process for Ti-Clad Steel Plate", Chemical Engineer-

ing, Vol. 68(10), May 15, 1961, pp 194-198.

A process developed by Lukens Steel Company for producing titanium clad

steel plate is described. An enclosed sandwich of titanium sheet and A-2C)4

low carbon manganese steel plate is flushed continuously with argon while

being heated before rolling, to eliminate impurities that interfere with the
bond. Two clad plates with the titanium back to back are roll bonded in
one sandwich. Preheat temperature limit before rolling is 1700 ° to 1750°F.

A reduction of at least three to one is required for good bonding. No inter-

mediate material is used. Method of forming, cutting and welding of Ti-
clad steel are discussed.

Kinzel, A.B., "Adams Lecture - Solid Phase Welding", Welding Journal,

Vol. 23 (12), December 1944, pp 1124-1144.

A comprehensive review of solid-phase welding is presented. This process
is broadly defined as joining without the formation of a liquid phase during
the process. The best criteria for evaluation of a solid-phase weld is

elimination of the original interface, this occurs by crystal growth and

diffusion. Phase transformation was shown to have an important effect on

the weld. Temperature plays a major and even dominant role in solid-state
welding. For ferritic steels the temperature must be above the critical

temperature for trans-lnterface crystallization in order to provide a satis-

factory bond. Theoretical consideration of diffusion and related variables
is presented for application to solid-state welding.

Kuper, A.B., Lazarus, D., Manning, J.R., and Tomlzuka, C.G.,

"Diffusion in Ordered and 'Disordered Copper-Zinc", Physical Review,

Vol. 104(6), December 1956, pp 1536-1541.

The diffusivitles of Cu64, Zu 65, and Sb124 in single crystals of 47-48 atomic

per cent zinc copper-zinc (beta brass) have been measured over the temperature

range 510°-1500°F, by using sectioning techniques. The diffusion coefficients
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show a striking dependence on the degree of long-range order at temp-
eratures below the critical temperature 874°F. A slight dependence of
the diffusion coefficient on short-range order is noted above the critical

temperature. The diffusion coefficients obey an Arrhenius equation only

in the fully disordered phase, with temperature dependences given by

DC_ = 0.011 exp(-22000/RT) cm2-sec, DZ_ = 0.0035 exp(-18,800/RT)

cn_Z/sec; D8b = 0.08 exp (-23,500/RT) cmZ/sec. The variation of the
diffusion coefficients with temperature in the ordered phase is considered

in terms of a simple elastic model. Excellent agreement is obtained by

using the measured elastic constants and assuming that the energy for
motion of the imperfection is simply related to the smallest (110) shear
modulus. In the disordered phase Sb diffuses faster than Zn or Cu, while
in the ordered phase Sb diffuses at the same rate as Zn, which is faster

than Cu. This result is shown to be inconsistent with an interchange,
interstitial, or nearest-neighbor vacancy mechanism for diffusion. The

result is consistent with an interstitialcy mechanism.

Lamb, H. J., and Wheeler, M.J., "The Identification of Intermetallic

Layers Formed on Aluminized Steel by Means of the Electron Probe Micro-

analyzer" Journal of the Institute of Metals, Vol. 92, 1963-64, pp 150-152.

An investigation was conducted of the nature of aluminum coating on
aluminized steel containing a double intermetallic layer. The layers were

identified by compositional means to be Fe2AI 5 adjacent to the steel and

Fe AI 3 adjacent to the aluminum.

LeClalre, A.D. and Bear, I.J., "The Interdiffusion of Uranium and

Aluminum", J. Nuclear Energy, Vol. 2, 1956, pp 229-242.

Results are given of measurements of the width, as a function of temperature
and pressure, of the diffusion zone formed by the interdiffusion of uranium

and aluminum and of the relative penetration of uranium into aluminum and
of aluminum into uranium.

The experiments are unusual among diffusion measurements in showing an

appreciable accelerating effect of pressure on the rate of interdiffusion.
This is not marked for temperatures below 1000°F. The penetration of the
uranium into the aluminum is about 2-1/4 times faster than that of the
aluminum into the uranium.

The results of a microscopical and x-ray examination of the diffusion zone

are presented, and a discussion is given of the possible origins of the
pressure effect.
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Loenstein, P. and Tuffin, W.B., "Metallurgical Bonding of Dissimilar
Metals by Co-Extrusion", Nuclear Metals, West Concord, Mass.

The co-extruslon process lends itself to the production of high quality
metallurgical bonded shapes of several dissimilar metal combinations.

Mechanical aspects and metallurgical aspects of bonding are described.

The importance of bond layer thickness, when brittle compounds form,

is discussed. Specific illustrations of applications of the process to rods,
shapes, tubes and tubular transition joints, are given. Joining of

refractory and reactive metals to ferrous alloys or alloys containing nickel
are particularly cited.

McEwan, K.J.B. and Miller, D.R., "Pressure Welding of Dissimilar

Metals!, British Welding Journal, Vol. 9(7), July 1962, pp 406-420.

The roll bonding of dissimilar metals has been studied and related to previous

experience with autogenous pressure welding. The metal pairs studied were
divided into the four groups: Immiscible; partially miscible and intermetallic
forming.

The immiscible pairs studied were Cd, Fe, Fe-Pb, Cu-Pb and Cu-Mo;
partially miscible were Cu-Fe, Cu-Ag, and AI-Zn; miscible were Cu-Ni,

Fe-Ni and Mg-Cd; intermetallic forming were Cu-AI, Fe-AI, Ca-Pb,
M a-AI, Aq-AI and Fe-Mo.

If the temperature of welding was sufficiently low, so that no appreciable
interdiffusion occurred, the only significant difference from autogenous

welding was that relative movement occurred at the weld interface, owing
to the different deformation characteristics of the two metals, and this
enhanced bonding.

On welding at high temperatures, or on post-heat treatment, the properties
of the joint were determined by the extent and effect of interdiffusion.
Immiscible and slightly miscible systems gave stable welds. Some miscible

metals exhibited diffuslonal porosity resulting in serious weakening of the

bond. With intermetallic forming systems two types of behavior were ob-

served. In the majority of cases, associated with a brittle intermetallic layer,
the bond was strong if the layer was maintained below a critical thickness,

but weak if it grew above this thickness. The critical thickness at which the

transition occurred varied with the system under consideration, probably
being dependent upon the existence of a very small amount of ductility in

the intermetallic layer. If the interface layer was ductile the joint was
strong and failure occurred in the weaker metal.
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McGowan, P. R., William, N.R., andAllyn, J.l., "Diffusion Bonded

Titanium Alloy Honeycomb Panels", Interim Report IR-8-212, Douglas
Aircraft Company, Long Beach, Callf., October 1964.

A summary of development of diffusion bonded titanium alloy honeycomb

is presented. The alloys used were titanium 8AI-1Mo-IV and commercially
pure TI-75A. Bonding parameters of 1750°F for four hours were selected on

the basis of satisfactory bonds in four inch square panels. Panel assemblies

are enclosed in a vacuum tight stainless steel envelope (10 -5 to 10-6 torr).
To prevent crushing of the core due to this vacuum, the fixture or outer

envelope is evacuated to 29.5 inches Hg. Glassrock insulation, strip

heaters, refrasil, internally cooled copper platens and slip sheets are placed

on both sides of the honeycomb envelope. Pressure is applied by a vacuum
pressure bag between the tooling, low pressure (creep controlled) bonding

was used due to crushing of the core at high pressure.

Metcalfe, A.G., "Modern Diffusion Bonding Meets Space-Age Needs",
SAE Journal, April 1964, pp 53-57.

Describes developments in diffusion bonding processes for joining Ta, W,
TD nickel, superalloys, T-111 Ta alloy and Mo and Cb and their alloys for

aerospace applications. Comparison of different diffusion bonding pro-
cesses: yield stress controlled bonding (or pressure welding), diffusion con-

trolled bonding and creep controlled bonding. Diffusion bonding is a

method of low temperature bonding that is particularly applicable to dis-
similar metals and metals that can be damaged or embrittled by high temp-
eratu res.

Miller, M.A. and Oyler, G.W., "Pressure Welding Aluminum at Various

Temperatures", Welding Journal, Vol. 30, October 1951, pp 486s-498s.

Pressure welding is defined as the formation of a solid-phase weld between
metallic materials, by the application of a deforming pressure, at any temp-

erature below the melting point of the components. The three major factors

in the pressure welding of aluminum, assuming optimum surface preparation
and suitable die design, are temperature, pressure and time. These factors

are closely interdependent and capable of graphical representation.

At temperatures below about 500°F, the extent of deformation during welding

determines weld efficiency. At elevated temperatures, diffusion is also an

important factor in the establishment of metallurgical bonds. Requires unit

pressures decrease rapidly as temperatures increase above 600°F, and approach
the solidus temperature of the alloy being welded.

The advantages and disadvantages of using low temperatures and high unit

pressures, as contrasted to the use of elevated temperatures and low unit
pressures, have been discussed.
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Loenstein, P. and Tuffin, W.B., "Metallurgical Bonding of Dissimilar
Metals by Co-Extruslon", Nuclear Metals, West Concord, Mass.

The co-extrusion process lends itself to the production of high quality
metallurgical bonded shapes of several dissimilar metal combinations.

Mechanical aspects and metallurgical aspects of bonding are described.

The importance of bond layer thickness, when brittle compounds form,

is discussed. Specific illustrations of applications of the process to rods,
shapes, tubes and tubular transition joints, are given. Joining of

refractory and reactive metals to ferrous alloys or alloys containing nickel
are particularly cited.

McEwan, K.J.B. and Miller, D.R., "Pressure Welding of Dissimilar

Metals!, British Welding Journal, Vol. 9(7), July 1962, pp 406-420.

The roll bonding of dissimilar metals has been studied and related to previous

experience with autogenous pressure welding. The metal pairs studied were
divided into the four groups: Immiscible; partially miscible and intermetalllc
forming.

The immiscible pairs studied were Cd, Fe, Fe-Pb, Cu-Pb and Cu-Mo;

partially miscible were Cu-Fe, Cu-Ag, and AI-Zn; miscible were Cu-Ni,
Fe-Ni and Mg-Cd; intermetallic forming were Cu-AI, Fe-AI, Ca-Pb,
Ma-AI. Aa-AI and Fe-Mo.

If the temperature of welding was sufficiently low, so that no appreciable
interdiffuslon occurred, the only significant difference from autogenous

welding was that relative movement occurred at the weld interface, owing
to the different deformation characteristics of the two metals, and this
enhanced bonding.

On welding at high temperatures, or on post-heat treatment, the properties
of the joint were determined by the extent and effect of interdiffuslon.
Immiscible and slightly miscible systems gave stable welds. Some miscible

metals exhibited diffusional porosity resulting in serious weakening of the

bond. With intermetallic forming systems two types of behavior were ob-

served. In the majority of cases, associated with a brittle intermetallic layer,
the bond was strong if the layer was maintained below a critical thickness,

but weak if it grew above this thickness. The critical thickness at which the

transition occurred varied with the system under consideration, probably
being dependent upon the existence of a very small amount of ductility in

the intermetalllc layer. If the interface layer was ductile the joint was
strong and failure occurred in the weaker metal.
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McGowan, P. R., William, N.R., and Allyn, J.l., "Diffusion Bonded

Titanium Alloy Honeycomb Panels", Interim Report IR-8-212, Douglas
Aircraft Company, Long Beach, Callf., October 1964.

A summary of development of diffusion bonded titanium alloy honeycomb

is presented. The alloys used were titanium 8AI-1Mo-IV and commercially
pure Ti-75A. Bonding parameters of 1750°F for four hours were selected on

the basis of satisfactory bonds in four inch square panels. Panel assemblies

are enclosed in a vacuum tight stainless steel envelope (10 -5 to 10-6 torr).
To prevent crushing of the core due to this vacuum, the fixture or outer

envelope is evacuated to 29.5 inches Hg. Glassrock insulation, strip

heaters, refrasil, internally cooled copper platens and slip sheets are placed

on both sides of the honeycomb envelope. Pressure is applied by a vacuum
pressure bag between the tooling. Low pressure (creep controlled) bonding

was used due to crushing of the core at high pressure.

Metcalfe, A.G., "Modern Diffusion Bonding Meets Space-Age Needs",
SAE Journal, April 1964, pp 53-57.

Describes developments in diffusion bonding processes for joining Ta, W,

TD nickel, superalloys, T-111 Ta alloy and Mo and Cb and their alloys for
aerospace applications. Comparison of different diffusion bonding pro-
cesses: yield stress controlled bonding (or pressure welding), diffusion con-

trolled bonding and creep controlled bonding. Diffusion bonding is a

method of low temperature bonding that is particularly applicable to dis-

similar metals and metals that can be damaged or embrittled by high temp-
eratu res.

Miller, M.A. and Oyler, G.W., "Pressure Welding Aluminum at Various

Temperatures", Welding Journal, Vol. 30, October 1951, pp 486s-498s.

Pressure welding is defined as the formation of a solid-phase weld between

metallic materials, by the application of a deforming pressure, at any temp-
erature below the melting point of the components. The three major factors

in the pressure welding of aluminum, assuming optimum surface preparation
and suitable die design, are temperature, pressure and time. These factors

are closely interdependent and capable of graphical representation.

At temperatures below about 500°F, the extent of deformation during welding

determines weld efficiency. At elevated temperatures, diffusion is also an

important factor in the establishment of metallurgical bonds. Requires unit

pressures decrease rapidly as temperatures increase above 600°F, and approach
the solidus temperature of the alloy being welded.

The advantages and disadvantages of using low temperatures and high unit

pressures, as contrasted to the use of elevated temperatures and low unit
pressures, have been discussed.
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Miller, M.A., "Joining Aluminum to Other Metals" Welding Journal,

Vol. 32, August 1953, pp 730-740.

Methods of joining aluminum to other metals by fusion welding, pressure
welding, brazing, soldering, diffusion welding and resin bonding are dis-

cussed. Of the welding processes, arc and flash welding are of more general

usefulness than are torch or resistance brazing. Brazing methods, while of

limited usefulness in the joining of aluminum to copper and copper-base

alloys, except by the use of transition joints, are of considerable usefulness

for joining aluminum to ferrous alloys, particularly if the ferrous parts are

given a suitable surface preparation, the best of which appears to be an
aluminum coating.

Non-fusion methods such as diffusion welding and pressure welding are dis-

cussed for joining aluminum to other metals. Either pressing or rolling may

be used to join metals by these methods. Silver-plated aluminum may be
bonded to pure silver, certain silver alloys and to any metal that can be

silver plated, by heating the parts together at 500-600°F for a period of
time under pressure; silver readily diffuses across the interface and results

in a good joint.

Pressure welding, either at room or elevated temperature, under conditions

to give proper deformation, is becoming increasingly important for joining
aluminum to metals such as copper and steel.

Moore, D.C., "Titanium Clad and Titanium Process Equipment", Welding
and Metal Fabrication, July 1963, pp 276-282.

Methods of lining processing equipment with titanium are presented. This
can be done by lining a steel vessel with titanium or fabricating the vessel

from titanium clad steel. The bimetal plate can be produced by roll bond-
ing, brazing or explosive cladding. The rolling technique does not employ

intermediate metals and is accomplished at temperatures below brittle com-

pound formation. A copper/silver alloy of eutectic composition is used in
brazing titanium to steel. The explosive method has not been used for

production applications and apparently does not employ intermediate metals.
Vanadium and silver are mentioned as interlayer metals to provide a suitable

metallurgical transition when joining clad material by welding.

Niemann, J.T.,Sopher, R.R., and Rieppel, P.J., "Diffusion Bonding Below

1000°F '', Welding Journal, Vol. 37, August 1958, pp 337s-342s.

Techniques and metal systems investigated to obtain diffusion bonded joints

between beryllium copper and Monel. Results showed that bonding can be

accomplished at 650°F or perhaps lower. Good joints were obtained with
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the following intermediate metal combinations: Au-Cu, Au-Ag, Au-Pb and

Au-AI. Superior bonds strengths (13,000 psi shear) were exhibited by Au-Cu

and Au-Ag combinations while the Au-Pb and Au-AI were found to be quite

brittle. The diffusion bonding technique permits the joining of the Be-Cu
alloy cover sheet and the Monel block of a hypersonic wind-tunnel throat

at the age-hardenlng temperature of the Be-Cu alloy.

Orysh, M.S., Betz, I.G., and Hussey, F.W., "Joining of Steel and Other

Wear Resistant Metals to Aluminum Alloys", Frankford Arsenal Technical
Memorandum M64-8-1, August 1963.

Joining of steel and other wear-resistant metals to aluminum by arc welding

and diffusion bonding were studied. The steel members used had a coating

of either silver brazing alloy, zinc, or aluminum. Samples of commercial

products consisting of aluminum brazed to steel by proprietary processes and
aluminum bonded to steel in sheet, plate, and tube form were included in

the study. Plates of 2024 aluminum alloy overlaid with two metallized coat-

ings and three experimental hard-sut:facing aluminum alloys were also evalu-

ated. It was found that 2024 aluminum alloy can be welded to steel which
has been coated with either zinc, aluminum, or a silver alloy, provided the
welding arc is directed toward the aluminum member of the joint. The

diffusion-bonding process can be used to join 2024 aluminum alloy to silver-

alloy-coated steel. The surface hardness of aluminum alloy plates can be

increased through the application of an experimental hard-surfacing aluminum
alloy or a metallized coating.

Paprocki, S.J., Hodge, E.S., and Gripshover, P.J., "Gas Pressure Bonding",
Defense Metals Information Center, Battelle Memorial Institute, Columbus,

Ohio, DMIC Report 159, September 1961.

A critical rev|ew of the I

process. This solid-state
for joining, cladding and

iterature is presented on the gas-pressure bonding
bonding technique has been successfully utilized

densifying many material systems.

The gas-pressure bonding process employs a gas at high pressure and elevated

temperature in order to join and fabricate metallic or ceramic materials.

Temperatures are held well below those required in sintering operation and
therefore resulting grain growth is held to a minimum.

Examples are cited of typical nuclear fuel elements and various structural

components of interest for aircraft and misiile application. Bonding para-

meters including temperatures, pressures and times are discussed.
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55.

56.

57.

Parks, J.M., "Recrystallization Welding", Welding Journal, Vol. 32,

May 1953, pp 209s-222s.

Recrystallization is established as the mechanlsm of solid phase welding and

the author concludes that the pressure welding process should more rightly

be known as recrystallization welding. The principal factors controlling re-
crystallization are discussed and related to welding. Shear strengths of

recrystalllzatlon welds are discussed. A basic relationship between recrystal-

Iizatlon temperature and degree of deformation is derived and analyzed. The

importance of clean cold-worked surfaces for recrystallization welding is
emphasized.

Pearson, J. and Hayes, G.A., "Research in Explosive Welding", ASTME
Technical Paper SP6397, 1962-63.

A review of explosive welding is presented. Studies have been mainly de-
voted to understanding the mechanisms of the process. A few commercial

applications have been investigated, these include: cladding of large flat

plates, lining of long tubes and rocket nozzles and joining of dissimilar metal
billets. A "surface jetting" phenomenon may occur at the joint resulting in

an irregular or saw tooth surface. Buffer plates are frequently used to protect
the weld plate surface and transmit uniform pressure. Extensive plastic flow

is generally required to accomplish a satisfactory explosive weld. Nineteen

i I •

on an experimental basis. These include representative aluminum, steel,
super and refractory alloys.

Sawatzky, A. and Jaumont, F.E., "Diffusion of the Elements of the IB and
lib Subgroups in Silver", Transactions of AIME, t957; Journal of Metals,

October 1957, pp 1207-1210.

Data are given for the diffusion of the elements of the IB and liB subgroups

in single crystals of silver. The sectioning technique and high specific activity

isato_pes were used to determine the diffusion coefficients of Cu and Hg in Ag

in the present investigation and of Zn, Cd, Au and Ag in Ag in previous
investigations.

With the exception of those for mercury in silver, the data indicate that the
activation energies for diffusion of the atoms of a given subgroup in the same

solvent are similar, but the frequency factors differ. From this, it is con-
cluded that atomic size, provided solld solutions are formed, probably does

not affect the activation energy. The relation of the present results to

several of the more popular generalizations concerning diffusion is discussed.
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58.

59.

60.

61.

Schwartzbart, H., "What is Diffusion Bonding", Welding Engineer,
November1962, pp46-47.

A generaldescription anddefinition of diffusion bonding is given. It is
describedasa groupof weldlng processwith appropriate temperatureand
joint deformationlimitations. Thecharacteristic featureof diffusion bond-
ed joints is that the sharplyoutlined filler metal layer evident _ncon-
ventional brazed joints is essentially obliterated. Referenceis madeto
diffusion bondingZircaloy plate-type fuel elementswith intermediate
layersof copper, iron or nickel.

Storchheim, S., "Hot PressureBonding", Metal Progress,Vol. 72,
July 1957, pp 97-101.

Investigationwasconductedon the diffusion bonding, by the pressbonding
process,of several metallic coupleswithout the benefit of intermediate
metals. Emphasiswasplaced on diffusion systemshavingaluminumasone-
half of the couple. Studieswere conductedusingAI-Ni, AI-Cu, AI-Fe and
AI-Zr couples. Thevariables of tlme, temperatureand bondingpressure
were studiedwith regardto joint strengthand metallographlc structure. The
effect of time, temperatureand pressureon joint strengthand intermetallic
alloy zone formation are discussed.

Stroup, P.T. and Purdy, G.A., "Aluminum Coating of Steel - A Comparison
of VariousProcesses",Metals Progress,Vol. 57, January 1950, pp 59-63,
128-130.

Steel canbe coated with aluminumby hot-dipping, electroplating, spraying,
chemical reaction andcalorizing. Theauthorsdlscussthe coatingsproduced
by each of thesemethods. Particular emphases_sgiven to the importance
of controlling the thicknessof iron-alumlnum compoundthat formsbetween
pure alumlnumsurfacelayer and steel base. Thesix methodsof coating are
comparedon the basisof structure and cost.

Tylecote, R.F., "lnvestlgations on PressureWelding", BritishWelding
Journal, Vol. 1(3), March 1954, pp 117-138.

Theobject of th_swork wasto establishcertain of the princlples involved in
the processof pressureor solld-phasewelding. It is particularly concerned
with the connectionbetween the weldabillty of various metalsat roomtemp-
erature and the physical propertiesof the ox|de f|lm. Theeffect of postheat.
treatmentof weldshasbeen investlgated and the resultsare interpreted in the
light of oxide-film solubillty and the formation of |ntermetalllc compounds.
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62.

63.

64.

Work has also been done on the welding of deoxidized copper in hydrogen
to prevent the formation of an oxide film. The results show that the nature

of the film is undoubtedly responsible for the poor weldability of copper at
room temperature.

The effect of orientation on the weldability of single crystals of aluminum

has been determined. The particular crystallographic plane brought into
contact has a marked effect on the degree of transinter-facial grain growth
upon recrystallization.

Tylecote, R.F., "Pressure Welding in Practice", British Welding Journal,
Vol. 4(3), March 1957, pp 113-120.

The practical applications of pressure welding during the ten years from

1946 to 1956 are summarized. The main applications lle in two fields:
(1) those relating to the butt welding of tubes and sections in steel and

(2) the joining of overlapping sheet material in copper and aluminum alloys
by pressing or rolling.

The techniques used are discussed, and an attempt is made to assess the
advantages of the process.

Vicars, E.E., "An Efficient Joining Technique:
n ....... ^-.:1 IOA_ ,-,,., 19__1.qf_
• ,v .......

Diffusion Bonding", Metal

Methods of diffusion bonding honeycomb panels are discussed. The general
advantages over alternative methods are presented as well as the general

processing used. Stop-weld materials such as: TiO2, MgO and ZrO 2 are
used to prevent bonding during honeycomb joining. The use of intermediate

metal at the joint is preferred as removal of stop-weld materials is eliminated.
Mention is made of accelerating diffusion by cold working which increases

the number of vacancies and the use of high frequency current which increases
mobility of surface atoms.

Wood, C.L., "A Technical Report on Duranel - Stainless-Clad Aluminum",
Aluminum Company of America, January 1963.

A new stainless steel clad aluminum sheet product marketed by Alcoa under

the tradename "Duranel" is described. Properties and applications for the
laminated sheet are discussed. Methods for forming, joining and finishing of
the clad sheet are described in detail.
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65.

66.

67.

68.

69.

Young, J.G. and Smith, A.A., "Joining Dissimilar Metals _', Welding and

Metal Fabrication, July 1959, pp 275-281.

Methods of joining dissimilar metals are reviewed. Principles and applications

of fusion welding, brazing, resistance welding, pressure welding and solid

state diffusion bonding are discussed. The metallurgical principles in joining
dissimilar metals are discussed and consideration is also given to such factors

as cracking and dilution and uniformity of joint composition.

Young, W.R. and Jonesr E.S., "Joining of Refractory Metals by Brazing
and Diffusion Bonding", Air Force Technical Document Report No. ASD-
TDR-63-88, January 1963.

A discussion of joining several alloy combinations by diffusion bonding in

vacuum, using high temperature and pressures is presented. Alloy combi-
nations that were successfully bonded and produced ductile joints were Cb-lZr

alloy to Mo-0.5Ti molybdenum alloy, copper to Cb-lZr alloy, copper to
316 stainless steel and Mo-0.5Ti molybdenum alloy to Rene' 41.

"Astroweld--Diffusion Bonded Honeycomb", Hexcel Products, Inc., Berkeley,

Calif., R&D Technical Report 101, May 1963.

The "Astroweld" process of diffusion bonding honeycomb sandwich is presented.

Bonding of core materials is accomplished with or without an intermediate
material. Successful solid state bonding has been accomplished with the

following materials: steel, copper alloys, stainless steel, super-alloys and
refractory alloys. Bonding of the skin members to core material requires

application of a high purity intermediate metal on the honeycomb cell edges.

These intermediate metals are, placed on the honeycomb nodes in micron
thicknesses. At bonding temperatures this material tendslto yield and absorbs

initial surface irregularities.

"Diffusion Bonding" 'Cool' Newcomer Makes Joints Disappear", Steel,
Vol. 150(14), April 2, 1962, pp 117-120.

A brief summary of diffusion bonding experience within the Aero-space
industry is given. Specific appllcations include: Type 321 stainless honeycomb

Rene' 41, titanium alloys, tungsten, beryllium-copper and beryllium. In

many intermediate layers are used to promote bonding.

"Joining Steel to Aluminum", Solar Aircraft Co., San Diego, Calif., A

Division of International Harvester Company, RDR 12584, February 1965.

The Solar Bimetal Joining Process is described. Any aluminum alloy with a

solldus temperature of 1100°F or higher may be joined to most stainless steel
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and superalloys. The essential elements of the process include conditioning
the stainless steel by a patented process and brazing it to the aluminum

alloy. Typical assemblies produced are stainless steel bellows joined to

aluminum rings. Tubular test specimens have been subjected to thermal
cycling (160°F to-320°F), helium pressure leak test, pressure surge test

at -320°F, Gimbal cyclic test, vibration test and helium leak test without

evidence of failure. Corrosion resistance of bimetal joints is similar to

brazed aluminum joints. Other dissimilar metal joints which have been
joined by brazing are: 6061 aluminum to AMS 6439 steel, beryllium to
stainless steel and titanium, titanium to alloy and stainless steel and

magnesium to steel.

70. "Roll Bonded Sandwich Structures", Douglas Aircraft Co. and Battelle
Memorial Institute, November 1963.

A new technique for producing titanium alloy sandwich structures by roll
bonding is described. Titanium sandwich with the voids filled with a dis-

similar metal is completely encased in a dissimilar metal pack. The face

sheets are diffusion bonded to the core by hot rolling of the metal pack.
After forming of the sandwich to the desired shape, the dissimilar metal

inserts are removed by chemical means. This method of making sandwich
structure is believed to be less costly than welding and the joints have

strength equivalent to that of the base metal. Data on properties of typical
;; b j d ....... _ _. ,A. A_,_ll ............ +,,,4

ro - _}fl i_ 3UIIUWllk..II _lll_Vtl_lTIJllk.e Vl . ! .......... i .... r --

71. U.S. Patent 2,908,073, "Method of Bonding Aluminum Metal to Dissimilar

Metal", C.H. Dulin, Assignor to the Aluminum Company of America,
October 13, 1959.

Methods are described for pressure bonding of aluminum alloys to steel and
copper alloys. The methods outlined are adaptable for joining flat plates

of aluminum to steel for use in manufacture of electric flat irons and cooking
utensils.

72. Cottrell, A.H., "Theoretical Structural Metallurgy", St. Martin's Press
Inc., New York, 1957.

This text presents a review of theoretical structural metallurgy based on the
electron theory of metals and statistical thermodynamics of metals and alloys.

It is written by a metallurgist for metallurgical students relating the salient

features of theoretical physics to the structure of metals and alloys. Of prl-

mary interest is Chapter XII, "Diffusion in Metals and Alloys".
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73.

74.

75.

76.

77.

Shewmon, P.G., "Diffusion in Solids", McGraw-Hill Book Co., Inc.,
New York, 1963.

This text presents the background and logical development of diffusion in

solids. Experimental results and theoretical explanations are presented to

aid in the understanding of the physical meaning and implications of the

concepts which apply to diffusion in all crystalline sol ids.

LeClalre, A.D., "Diffusion in Metals", The Journal of the Iron and Steel

Institute, Vol. 174, July 1953.

A review is given of the principal results that have been obtained from
experimental and theoretical work on diffusion in metals. From con-

sideration of those results, suggestions are made on the type of experiments
most likely to further an understanding of the subject.

Bradt, R.C., et al, "Kirkendall - Effect Densificatlon in a Sintered Tungsten-

Molybdenum Powder Compact", ACTA Metallurgica, Letters to the Editor,

Vol. 14, 1966, pp 553-554.

Experimental results on a sintered tungsten-molybdenum powder compact

are presented which clearly illustrate the Kirkendall effect by porosity
changes at the interface.

Buehler, W.J. and Wiley, R.C., "TiNi-Ductile Intermetallic Compound",

Transactions of the ASM Volume 55, 1962, pp 269-276.

The intermetallic compound TINi was found to exist at room temperature as

a ductile and impact resistant material with unique vibration damping pro-
peraties. Further, TiNi and Ni-rich TiNi alloys are quench-hardenable,

paramagnetic, resistant to corrosion, abrasion and oxidation, and capable

of maintaining their hardness at elevated temperatures.

Buehler, W.J. and Wang, F.E., "Martensitic Transformations in the TiNi

Compound", Paper presented at the 5th International Symposium on the

Reactivity of Solids, Munich, August 5-8, 1964.

Alloys near stoichiometric TiNi composition were found to undergo two trans-

formations from 380°C to room temperature. The lower temperature trans-

formation is a diffuslonless type and, in a 50.3 at .% alloy, exhibits a M s
temperature between 35 ° and 45°C. The ductility and other unusual
phenomena associated with these alloys are attributed to the unique structural

behavior during the transformations, namely, the co-existence of an ordered
TiNi phase with the " _1" and " _ 2" phases in the 45°-350°C temperature

range, and the occurrence of a diffusionless transformation without change in
the relative amount of the phases involved.
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78.

79.

Hauser, D, et al, "Fundamentals of Solid State Welding and Their

Application to Beryllium, Aluminum and Stainless Steel", Battelle
Memorial Institute for U.S. Army Missile Command, Redstone Aresenal,

Alabama, Contract DA-01-021-AMC-11706 (Z).

This report presents the results of a state-of-the-art survey of solid state
diffusion welding and roll welding of aerospace metals. Particular emphasis

is given to beryllium, high-strength aluminum alloys, and 321 stainless steel..

The report is divided into four major categories:

(I) A general survey of solid state diffusion welding, including a

description of a real surface, factors influencing microscopic

plastic flow, diffusion, grain growth, dissimilar metal welding,
and use of intermediate materials.

(2) A description of solid state welding methods, including roll welding,

roll-weldlng theory, advantages and limitations of welding methods,

and joint designs that are suitable for diffusion welding and roll
welding.

(3) Nondestructive testing techniques for solid state welded joints and

their applicability.

_,-r /
__-:--:1 .... .J -I:..:_:1 .... _-_,1 A;,C_,,_;^,_ w=lrl|nn fh_

_'_ ._,Jav_,_i vo "_" _ ................... v

selected metals,

On the basis of the information obtained, general areas in which future

research is desirable are presented.

Mueller, W.M., "Energetics in Metallurgical Phenomena", Volume 1,
Gordon and Breach, Publishers, New York, 1965.

The formal theory of diffusion is presented as well as experimental techniques
and results. It is shown that experimental basis for understanding diffusion

in solids is on far firmer fooling than the theory.
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SUMMARY OF CLEANI NG PROCEDURES

Alloy

321 SS

Inconel 718

Inconel 600

Ti-8AI-1Mo-IV
Ti-5AI-2.SSn

2219 AI

7106 AI

Cleaning Solution

Vapor degrease:
alkaline clean:

pickle in Nitric-

Hydrofluoric acid

Solution

Temperature

80°-130°F

Time in

Solution

30 min.

Vapor degrease:
alkaline clean:

pickle in ACP #2

Room

5 rain,

15 min.

Nitric-Hydrofluorlc (100 gal)

HNO 3 18 gal
HCL 16 gal
HF 4.5 gal

CH3COOH 2.4 gal

(COOH)2 2 Ibs
Na2HPO 4 lib

H20 Remainder

ACP #2 (100 gal)
ACP #2 37 Ibs

HNO 3 10 gal
HF (60%) .02 gal

H20 Remainder
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APPENDIX C

PLATING PROCEDURE

I •

II.

Procedure for Plating 321 Stainless Steel, Inconel 600 and Inconel 718

A. Copper Plate •0005/.0007" Thick

1. Vapor degrease.

2. Cathodic clean in alkaline electrocleaner.

3. Anodlc clean in 60% H2SO4-45 seconds.

4. Strike in all chloride nickel strike - 30 seconds.

5. Copper plate in conventional Rochelle salt copper cyanide
plating solution•

B. Silver Plate .0005/.0007" Thick

1. Perform steps 1 through 4 in paragraph I.A.

2. Copper strike in conventional Rochelle salt copper cyanide
plating solution.

3. Silver plate in Lea-Ronal proprietary silver plating solution.

Nickel Plate

1. Perform steps 1 through 4 in paragraph I.A.

2. Nickel plate in conventional Watts nickel plating bath.

Co

Procedure for Plating Bare 2219 and 7106 Aluminum Alloys

A. Copper Plate .0005/.0007" Thick

1. Vapor degrease.

2. Soak clean in non-silicated aluminum cleaner.

3. Deoxidize at room temperature.

4. Dip in nitric-hydrofluoric acid - 5 seconds.

5. Zincate (conventional zinc immersion bath for aluminum)•

6. Remove zinc by dipping in concentrated nitric acid.

7. Repeat step 5.

8. Copper plate in conventional Rochelle salt copper cyanide

plating solution with 10•0-10.5 pH.
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III.

IV.

S. Silver Plate .0005/°0007" Thick

1. Perform steps 1 through 7 in paragraph II .A.

2. Copper strike .00002" thick using solution in step 8 in
paragraph II .A.

3. Silver plate in Lea-Ronal proprietary silver plating solution.

Procedure for Plating Anodized 2219 and 7106 Aluminum Alloys

A. Anodlze 2219 and 7106 Aluminum Alloys

1. Solvent clean.

2. Alkaline etch in 5% sodium hydroxide solution.

3. Desmut in 35% nitric acid solution.

4. Anodize in 4% phosphoric acid solution at 60°F, 100 volts DC
for 30 minutes.

B. Copper Plating .0007/.001" Thick

1. Anodize per paragraph III.A.

2. Copper plate in conventional copper sulfate-sulfuric acid bath
operated at room temperature and with a current density of 100 ASF.

1. Anodize per paragraph III .A.

2. Nickel strike using conventional Woods nickel strike bath at

room temperature and at 40 ASF.

3. Nickel plate using conventional sulfamate nickel bath at 140°F
and with a current density of 75 ASF.

D. Silver Plating .0007/.001" Thick

1. Anodize per paragraph III.A.

2. Silver strike using conventional silver strike bath.

3. Silver plate using a con,,entiona! silver cyanide bath at room

temperature and with a current density of 10 ASF.

Procedure for Plating Bare Ti-5AI-2.5Sn and Ti-8AI-1Mo-IV

A. Copper Plating .0007/.001" Thick

1. Solvent clean.

2. Alkaline clean.
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V.

B,

C.

.

4.

.

Etch in nitric acld-hydrofluoric acid solution.

Activate by immersion in boiling concentrated hydrochloric
acid for 60 seconds.

Copper plate with conventional copper sulfate-sulfuric acid
bath at room temperature and with a current density of 100 ASF.

Nickel Plate .0007/.001 " Thick

1. Perform steps 1 through 4 in paragraph IV.A.

2. Nickel strike using conventional Woods nickel strike bath at

room temperature and with a current density of 40 ASF.

Nickel plate using conventional sulfamate nickel bath at 140°F

and with a current density of 75 ASF.

Silver Plating .0007/.001 " Thick

1. Perform steps 1 through 4 in paragraph IV.A.

Silver strike using conventional silver strike bath.

Silver plate using a conventional silver cyanide bath at room
temperature and with a current density of 10 ASF.

.

.

3.

Procedure for Plating Anodized Ti-5AI-2.5Sn and Ti-8AI-1Mo-IV

A. Anodize

1. Solvent clean.

2, Alkaline clean.

3. Etch in nitric-hydrofluorlc acid solution.

4. Anodize in a solution of 7 parts by volume acetic and one part
hydrofluoric acid (70%) and at a current density of 7.5 ASF.

B. Copper Plate .0007/.001" Thick

1. Anodize per paragraph V.A.

2. Copper plate with conventional copper sulfate-sulfuric acid bath
and at a current density of 100 ASF.

C. Nickel Plate .0007/.001" Thick

1. Anodize per paragraph V.A.

2. Nickel strike using conventional Woods nickel strike bath at
room temperature and a current density of 40 ASF.
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Dm

3. Nickel plate using conventional sulfomate nickel bath at 140°F
and at a current density of 75 ASF.

Silver Plate .0007/.001" Thick

lo Anodize per paragraph V.A.

2. Silver strike using conventional silver strike bath.

3. Silver plate using conventional silver cyanide bath at room
temperature and with a current density of 10 ASF.
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APPENDIX D

SUMMARY OF DIFFUSION WELDI NG DEVELOPMENT TESTS
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APPENDIX E

PROCEDURES FOR PREPARATION OF METALLOGRAPHIC SPECIMENS

E1



PROCEDURESUSEDFORPREPARATIONOF METALLOGRAPHICSPECIMENS

BASE METAL SPECIMENS

Specimens were sectioned with an abrasive cutoff wheel using water as a coolant.

Specimens were rough ground on water-flooded disc wheels using progressively 80,
320, 400 and 600-grit abrasive discs.

Final polish for all alloys except TI-8AI-1Mo-IV was performed in the following
steps:

1. 6M diamond paste as an abrasive on a wheel of Met Cloth (Buehler)
with kerosene as a lubricant.

2. 3M diamond paste as an abrasive on Micro Cloth (Buehler) with
kerosene as a lubricant.

3. .25M diamond paste as an abrasive on Rayvel Cloth (Buehler) with
ethyl alcohol as a lubricant.

4. .05M gamma alumina on Gamal Cloth (Fisher Scientific) with
distilled water as a lubricant.

The final polish procedure for Ti-8AI-1Mo-IV was as follows:

Polish on a wax wheel with 15M levigated alumina with water as lubricant,

then to a final polish on a wheel made up of Micro Cloth with Linde C 1M

alumina as an abrasive and Krolls etch (1% HF-4% HNO 3 in water) as the
lubricant. The etch polish is used to remove the smeared material produced
during polishing.

Procedures for etching the base metal were as follows:

1. 2219 Aluminum Alloy

Dilute Kroll's Etch: 2% HNO3-0.5% HF in water.
Immersion etch for 10 to 15 seconds.

2. 7106 Aluminum Alloy

Keller's Etch: 1%HF-1.5%HCI-2.5%HNO 3 in water.
Immersion etch for 10 to 15 seconds.

3. 321 Stainless Steel

Etch: 10% oxalic acid in water.

Electrolytic etch for 30 seconds at 2 volts.
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4. Ti-SAI-2.5Sn Titanium Alloy

Etch: 1% HF-8% H3PO 4 in water.
Immersion etch for 20 seconds.

5. Ti-8AI-1Mo-IV Titanium Alloy

Kroll's Etch: 1% HF-4% HNO 3 in water.
Immersion etch for 20 seconds.

6. Inconel 600 Alloy

Etch: 10% oxalic acid in water.

Electrolytic etch for 30 seconds at 2 volts.

7. Inconel 718 Alloy

Etch: 98% HCI-2% H202. '
Immersion etch for 5 seconas.

DIFFUSION WELDED SPECIMENS

Sectioning, rough grinding, and final polishing procedures were the same as used
• '- _:,_rthe 321 stainless steel to TI-SAI-1Mo-IV and Inconeltar base muir, ,u,_ cx:e;_"

600 to TI-8AI-1Mo-IV combinations° These specimens weTu pv',:_kcd _"ndi,_mnnd
wheels as for the 321 and Inconel 600 base metal, then were polished on a Micro
Cloth wheel with Linde C 1M alumina as an abrasive and Kroll's etch as a lubricant.

The final polish was performed using a Gamal Cloth wheel with gamma alumina and
distil led water.

The etching procedures for the diffusion welded specimens were as follows:

1. 2219 AI/321 SS

Etch for Aluminum: Dilute Kroll's Etch: 2% HNO3-0.5% HF in water.
Immersion etch for 10 seconds.

2. 7106 AI/321 SS

Etch for Aluminum: Keller's Etch: 1% HF-1.5% HCI-2.5% HNO 3 in water.
Immersion etch for 10-15 seconds.
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. 2219 AI/Ti-SAI-2.5Sn

Etch for Aluminum:

Etch for Titanium:

4. 321 SS/TI-8AI-1Mo-IV

Same as used for 2219 AI/321 SS

1% HF-8% H3PO 4 in water.
Immersion etch for 15 seconds.

Etch for 321 SS:

Etch for Titanium:

o 321 SS/Inconel 718

Etch for 321SS:

Etch for Inconel 718:

Dilute Kaln's etch: 60 ml HCI, 15 ml HNO,,, 15 ml

acetic acid, 85 ml H20. Immersion etch 11_to 30
seconds.

Dilute Kroll's etch: 2%PINO3-0.5% HF in water.
Immersion etch for 15 seconds.

Same as used for 321 SS/Ti-8AI-1Mo-IV

10% Chromic acid in H20 with 1 drop HCI.
Electrolytic etch for 2 seconds at 20 volts.

6o Inconel 600/Ti-8AI-1Mo-IV

Etch for Inconel 600: Dilute Marbles' Etch: 200 ml HCI, 40 gms CuCI 2,

600 ml H20. Immersion etch for 10 to 20 seconds.
Etch for Titanium: Same as used for 321 SS/Ti-8AI-1Mo-IV

7. Ag, Au, Cu Diffusion Aid Etch:

50 ml NH4OH, 20 ml H202o
Immersion etch for 10 seconds.

8. 321 SS/Cu, Au or Ag/Ti-8AI-1Mo-IV

Etch for Titanium: Same as used for 321 SS/Ti-8AI-1Mo-IV

Etch Cu, Au, Ag: Ag-Au-Cu Etch

9. 321 SS/Cu/Inconel 718

Etch for Cu only: Ag-Au-Cu Etch

10. 321 SS/Ni/Inconel 718

Etch for Ni:

Etch for Inconel 718:

11. 7106 AI/Ni/321 SS

Etch for Aluminum:

Same as for Inconel 600

Same as for 321 SS/Inconel 718.

Same as used for 2219 AI/321 SS.
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12.

13.

2219AI/,Ag, Cu/,321SS
7106AI/Ag, Cu/,321SS

Etch for Aluminum:

Etch for Ag, Cu:

2219 AI/,Ag/Ti-5AI-2

Etch for AI & Ti:

Etch for Ag:

Same as used for 2219/,321 SS.

Ag-Au-Cu Etch

.5Sn

Same as used for 2219 AI/TI-SAI-2.5Sn.

Ag-Au-Cu Etch

14. 321 SS/,Ag/,Ti-SAI-1Mo-IV

Etch for 321 SS & Ti: Same as used for 321 SS/Ti-8AI-1Mo-IV.

Etch for Ag: Ag-Au-Cu Etch

15. Vanadium Diffusion Aid Etch:

85% HNO 3, 15% HF.
Immersion etch for 5 seconds.
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