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Abstract

The effects of solid-state aging were examined for the 63.3Ag-35. lCU-1.6Ti filler metal on

Thermo-Spa@M (24.5Ni-29.0Co-5 .5Cr-4.8Nb-(Si, Ti, Al)-bal. Fe) and InconelTM718

(55Ni-21Cr-5.5 (Nb+Ti)-3.3Mo-bal. Fe) substrate alloys as well as the 81Au-17 .5Ni-

1.5Ti ftier metal on Thermo-Span~ and ANSI Type 347 stainless steel (18Cr-1 lNi-2Mn-

lSi-(Ta, Nb)-O.08C-bal. Fe). Excellent wetting-and-spreading was shown by both Cu-

Ag-Ti and Au-Ni-Ti braze alloys on the respective substrate materials as determined by

contact angle measurements. The Thermo-SpanTM/Cu-Ag-Ticouple interface was

comprised of two sub-layers with the composition 90[(Fe, Ni, Co, Cu)z(Nb, Ti, Si, Cr)]

10Ag that were separated by a Ag-rich layer. Solid-state aging reduced the interface

structure to a single chemistry, (Fe, Ni, Co, Cu)z(Nb, Ti, Si, Cr). The interface reaction

zone in the as-fabricated InconelTM718/Cu-Ag-Ti couples contained two sub-layers having

the compositions (Fe,Ni,Cu)~(Ti,Cr,Nb,Mo)z and (Fe,Ni,Cu)z(Ti,Cr,Nb,Mo). Solid-state

aging caused the interface reaction layer to thicken and the composition of the second sub-

layer to shift to (Fe,Ni,Cu)T(Ti,Cr,Nb,Mo)~. The bend bar fracture strengths observed for

Thermo-SpanTM/Cu-Ag-Tiand InconelTM718/Cu-Ag-Ticouples were not significantly

affected by the solid-state aging processes. The Thermo-SpanTWAu-Ni-Ti and ANSI Type

347 stainless steel/Au-Ni-Ti couples were characterized by an interdiffusion zone at the

interface. Aging caused the interracial diffusion zone to grow and the four-point bend tests

to reflect a precipitation strengthening process in the filler metal with strengths maximized

by aging at 460”C and then reduced (over-aging) after heat treating at 700”C.
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Introduction

Advanced heat engine designs are being developed with the goal of using higher

combustion temperatures to improve their overall fuel efficiency. It is well known that

ceramic components, and in particular, engineered ceramics such as silicon nitride (Si~Nq)

and partially stabilized zirconia (PSZ), can provide the necessary physical and mechanical

properties that will allow for higher operating temperatures in fiture reciprocating and

turbine engine systems[l-3].

It has also become evident that the construction of monolithic engine structures

from engineered ceramics is not feasible. Metal and alloy parts are still required for a

majority of the components, not only because they have the desired physical and

mechanical properties needed for engine operation, but they also have the manufacturability

that contributes to the cost-effective manufacture of the entire engine unit. Consequently,

the optimum use of both metal and ceramic components in advanced heat engine concepts

will require the development of suitable joining techniques of all three categories: (1) metal-

to-metal, (2) ceramic-to-ceramic, and (3) metal-to-ceramic.

The foremost challenge of making metal-to-ceramic joints rests with the thermal

expansion mismatch between the metal substrate material and that of the engineered

ceramic, and the residual stresses that it causes. A reduction in residual stresses can be

realized by more closely matching the thermal expansion coefficients of the metal and

ceramic components. Ceramics and glasses tend to have relatively low thermal expansion

coefficients. For example, A120gand the engineered ceramic, Si~NA,have thermal

expansion coefficients of 7-9 ppm/COand 3.2-3.5 pprn/CO,respectively [4,5,6]. Metal

alloys have been developed to have a reduced thermal expansion coefllcien~ the traditional

trade names and compositions include Kovar~ (Fe-29Ni-17Co), Invar 36TM(Fe-36Ni),

and Alloy 42TM(Fe-40.5Ni) have values of 6.2 pprn/CO(averaged over 25°C to 500”C), 7.2

pprn/CO(25°C to 371”C), and 8.1 pprn/CO(25°C to 500”C), respectively [7,8].

Besides the effects of residual stresses, the mechanical performance of the braze

joint also depends heavily upon its physical metallurgy. The structure of the braze joint can

be considered as having three important regions: (1) the filler metal field, (2) the

interface(s) between the braze alloy and the substrate material, and (3) the substrate

material. The microstructure that develops in each of these regions after brazing is a

function of the filler metal composition, the substrate material, and the solidification

proeess[9,10, 11]. However, after the brazing, when the braze joint is in service and

exposed to elevated temperatures overlong operating times, solid-state reactions may take

place in any of the structures, and in particular, at the interface between the filler metal and
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the base alloy. The properties of the reaction products that develop at the interface can

sigrdlcantly affect the overall performance of the braze joint.

Solid-state aging of braze joints under long-term, elevated temperature exposure has

not been extensively studied. Shimoo et al studied the kinetics of solid-state reactions

between SiqN1and Ni[12]. Most aging studies have examined the interface microstructure

that develops initially between the molten filler metal and the base material during the

brazing process[13, 14,15]. Several publications describe high-temperature, solid-state

reactions as they relate to diffusion bonding processes[ 16,17,18]. Although the latter

investigations can lend important insights into potential solid-state reactions between

materials in some braze joints, the starting microstructure as well as the aging conditions

in diffusion bonding studies do not adequately represent those of filler metal braze joints

either immediately after solidification or as a consequence of solid-state diffusion processes

while the joint is in service. Because of the limited amount of prior work in the field of

solid-state aging of brazed joints, the following study was undertaken. The specific

objective of this investigation was to study the metallmetal interactions between the filler

metal and base metal alloys that have potential application in advanced heat engines.

Microstructural evolution in the braze joint caused by any solid-state aging processes was

evaluated through the use of numerous analytical tools. The impact of those

rnicrostructural changes on the mechanical performance of the joints was determined by

four-point bend strength tests.

Experimental procedures

ikfatetils - metal alloys.

Three metal alloys were selected as the base materials for this study. The alloys and

their nominal compositions (wt.%) were: (1) Thermo-SpanTM,24.5Ni-29.0Co-5 .5Cr-

4.8Nb-(Si, Ti, Al)-bal. Fe[19]; (2) InconelTM718,55Ni-21Cr-5.5 (Nb+Ti)-3.3Mo-bal.

Fe[20]; and (3) ANSI Type 347 stainless steel, 18Cr-1lNi-2Mn-lSi-(Ta, Nb)-O.08C-bal.

Fe. The InconelTM718 alloy was considered for lower temperature applications; the 347

stainless steel was evaluated for use in higher temperature applications; and the Therrno-

SpanTfimaterial served both regimes.

The Thermo-SpanTMand InconelTM718 alloys are precipitation hardened alloys.

The Thermo-Spa@Mmaterial was received in the solution-annealed condition (1093”C, 1

hour, air cool); the exact condition of the as-receivedInconelm718 stock was not

documented. In order to assure consistent material properties, theInconelT’M718alloy was

subjected to a solution annealing treatment. Then, both the Thermo-SpanTMand

InconelTM718materials were exposed to an aging (precipitation-anneal) heat treatment. The
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condition of each alloy was documented through Rockwell-C (HIQ hardness

measurements. Six measurements were performed on three sample blanks. The heat

treatment schedules and hardness data are presented below:

Thernw-SpanTM (As-received HRc = 23*2, solution annealed):

Solution anneal (at the mill): hold at 1093”Cfor 1 hou~ air cool.

Precipitation anneal: hold at718°C for 8 hours; furnace cool at 0.015°C/s to

621”C; hold at 621°C for 8 hours; air cool.

Post-heat treatment H&= 39*1

hzcorzeZ’rM718(As-received H% = 22.5&0.5, unknown condition):

Solution anneal: hold at 954- 101O”Cfor 0.5 to 1 houq air cool

Precipitation anneal: hold at 718°C for 8 hours; furnace cool to 621°C and

hold for 10 hours; air cool.

Post-heat treatment ~ = 42*2

All brazing experiments were performed on base alloy surfaces that had been

ground to a nominal d32 finish. Profilometer tests were also performed on those surfaces

in order to more precisely document the roughness condition. Four such traces, two in one

direction and the other two in a perpendicular direction, were made over a distance of 6 mm

on each of duplicate samples . The Arithmetic Average Roughness, or RA numbers. were

combined and represented by a mean and ~ one standard deviation. The data are shown in

Table 1. The solution and aging heat treatments given to the Thermo-SpanTMand InconelTM

718 base materials resulted in a significant reduction in surface roughness after grinding as

compared to that of the as-received material. The roughness of the ANSI Type 347

stainless steel surface was similar to that of the latter two materials in their respective, aged

conditions.

Materials - brazing filler rneta!s.

Two brazing filler metals were used in the evaluation. The braze alloy suited for

low temperature applications was CusilTMABA(63.3Ag-35. lCu-1.6Ti)[21]. The Cu-Ag-

Ti material is based upon the eutectic Ag-Cu composition (72Ag-28Cu, T~U,= 780”C).

Titanium was added as an active element that allows the filler metal to bond to oxide and

nitride ceramics (e.g., SiqNJ)without the use of metallization layers. The material was in

the form of strip measuring 0.051 mm (0.002 in.) thick. The Cu-Ag-Ti alloy has a
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nominal melting range of780°Cto815”C. The Cu-Ag-Ti ffler metal was used to make test

samples comprised ofInconelm718 and Thermo-Span~ base materials. Some ancillary

specimens were also made with the ANSI Type 347 stainless steel.

The composition and melting properties of the material batch used in this study

were verified. Atomic emission spectroscopy (AES) was used to confwrn the composition

of the ffier metal; the measured chemistry was determined to be 61.8t4.2cu, 35. M

0.7Ag, and 1.7Ti. The measurements were performed in triplicate; the error terms

represent a 95% confidence interval. This chemistry reproduces the nominal composition

to within the error of the technique. The onset (solidus) temperature of the Cu-Ag-Ti alloy

was measured by differential thermal analysis (DTA). In this procedure, the sample was

initially preconditioned by melting the specimen through a heating ramp to 1100”C at a rate

of 10°C/min. The sample was then cooled. The preconditioning procedure increased the

contact area between the braze alloy sample and the holding pan of the instrument. A

second heating trace at 5°C/min provided the actual data. For the Cu-Ag-Ti fdler metal, a

solidus temperature of 774°C was recorded as the average of two tests. This value is close

to the nominal solidus temperature of 780”C cited by the manufacturer.

The second braze alloy designated for higher temperature applications was

WilbrazeTM81172R[22]. This material had a nominal composition of 81Au-17 .5Ni-l.5Ti.

The Au-Ni-Ti alloy was developed as a active filler metal for higher operating temperatures.

The baseline composition was 82Au-18Ni (Tml,= 955”C). Titanium was added to the

composition (largely at the expense of the Ni component) to form an active braze alloy

(ABA). The Au-Ni-Ti filler metal was used to join together ANSI Type 347 stainless steel

base alloy pieces or blocks of the Thermo-SpanTMalloy.

Two batches of material were used in the study, one having a foil thickness of

0.051 mm (0.002 in.) and the other having a 0.025 mm (0.001 in.) foil thickness. Atomic

emission spectroscopy (AES) was used to determine the chemistries of both material

batches; those values were: (1) 0.051 mm thick stock, 81.O&l.2Au, 17.6+0. lNi, and

1.9Ti and (2) 0.025 mm thick foil, 80.9t5.6Au, 16.8~0.7Ni, and 1.9Ti. The Au-Ni-Ti

material had a cited melting range of 990”C to 102O”C.The solidus temperatures recorded

by an in-house DTA evaluation were 957°C (0.051 mm thick foil) and 956°C (0.025 mm

thick foil).

“Parent” block braze joint assembly

The test specimen configuration used to evaluate the braze joint microstructure,

and from which the mechanical strength test pieces were fabricated, is shown in Fig. 1.

The “parent” block of each aIloy measured 25.4 mm x 25.4 mm x 6.4 mm (1.0 x 1.0 x.
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0.25 in.). Two parent blocks were joined along a 25.4 mm x 6.4 mm face. These faces

had been ground to a nominal ~32 finish as described in the previous section. A segment
I

of braze alloy measuring 25.4 mm x 6.4 mm (1.0x 0.25 in.) was placed between the two

parent block surfaces. Control of the braze joint thickness was provided by the placement

of two tungsten (W) wires in the gap. Each W wire had a diameter of 0.051 mm which set

the gap thickness. Tungsten was selected as the wire material in order that it have minimal

reaction with (i.e., be consumed by) the molten braze alloy during joint fabrication. The

parent blocks, W wires, and filler metal foil were stacked within a graphite fixture that

maintained their alignment during the furnace brazing process. A nominal mass was placed

on top of the stack to assure formation of the target joint gap thickness (0.051 mm).

Brazing process

An extensive development effort was conducted to determine suitable brazing

process parameters. First, an assessment was made of the variations in brazing time and

temperature on wetting and joint structure. Specifically, the furnace response was

evaluated from a thermocouple placed into a piece ofInconelTM718 alloy. The furnace

cycle was replicated five times. While only the behavior of the (peak) brazing process will

be described, similar reproducibility was observed for the rest of the braze cycle.

The fhrnace brazing process using the Cu-Ag-Ti fdler alloy was performed under a

1.3 Pa (10 mTorr), flowing Ar atmosphere. The Ar flow was begun once the sample

temperature had exceeded 600”C. The presence of Ti in the braze alloy necessitated the

exclusion of 02 from the furnace chamber. The partial pressure Ar atmosphere was

required by the Cu-Ag-Ti braze alloy in order to limit the loss of the higher vapor pressure

Ag constituent that would occur under a vacuum environment. Brazing procedures using

the Au-Ni-Ti alloy were performed under a vacuum of 6.7-11 x 10-5Pa (5-8 x 10-7Torr)

measured at the brazing temperature.

As a result of the furnace evaluations, the lower-temperature Cu-Ag-Ti ffller metal

brazing process was established with a nominal peak temperature of 830”C and nominal

time duration of 7 min. The actual furnace profiles showed a mean and& one standard

deviation of the peak temperature and time duration for the test sample as 830~1°C and

8.O&O.7rein, respectively. The higher temperature Au-Ni-Ti braze alloy process (vacuum)

used a nominal peak temperature of 104O”Cand nominal 3 min time duration. The mean

process temperature and time period for five fi.wnacecycles were 1047~5°C and 2.O&O.3

rein, respectively. Clearly, these data showed good run-to-run consistency; only small

offsets in the temperature were observed.

6



Sessile drop (area-of-spread) experiments were performed in order to provide an

approximate indication of the sensitivity of the braze alloy wetting-and-spreading behavior

to the peak temperature and time process parameters. A specimen was made by placing a

piece of the filler metal foil on the surface of the respective base material. The specimen

was then exposed to the respective brazing cycle. The metric for assessing

wettingkpreading was the calculated contact angle, 9, that formed at the droplet front (Fig.

2). The value of (3was calculated from the volume, V, of filler metal used to make the

drop and the physical parameters of the drop after wettinghpreading had taken place. These

measurements were performed on post-solidified filler metal following removal of the

sample from the furnace. Quantitative image analysis was used to determine the total area

of spread by the filler metal. Observing that the sessile drops were approximately circular,

an effective radius, r, of the area was calculated from the image. Next, it was assumed that

the sessi.ledrops formed a spherical cap. Therefore, the maximum height, h, of the droplet

was calculated from equation (1):

h = { [(3V/n)2 + r’]’” + 3V/Z}”3 - { [(3V/n)2 + r’]’” - 3V/7c}”3 (1)

The contact angle was then calculated from equation (2):

e = tan-’ [2rh/(r’-h2)] (2)

The values of the contact angles for each of the substrates, filler metals, and peak process

temperature combinations are given in Table 2. In some cases, replicate samples were

evaluated in order to identify the data scatter of these measurements. The data in Table 2

show that the contact angles were very low, indicating excellent wetting/spreading by the

braze alloys on the substrate materials. The data scatter indicated that the Cu-Ag-Ti and

Au-Ni-Ti alloys were relatively insensitive to the brazing temperature ranges of 830”C -

850”C and 1000”C - 1053”C, respectively, and nominal brazing times of 7 rnin and 3 rein,

resp@ively.

The effect of brazing time was of particular concern with the Cu-Ag-Ti alloy, bastid

upon a number of ancillary experiments performed outside the immediate project scope.

Therefore, experiments were conducted in which the brazing behavior of the Cu-Ag-Ti

alloy was examined on the Thermo-Span~, InconelTM718, and Type 347 stainless steel

substrates. The brazing temperature was 850”C while the brazing time was varied between:
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2,7, 15,30, and60 min. Aqualitative evaluation appeared tosufficientiy desctibe the

wettingkpreading effects; those results appear in Table 3. It is apparent from the

observations in Table 3 that the wettinghpreading performance of the Cu-Ag-Ti braze alloy

on Thermo-SpanT”, InconelTM718, and Type 347 stainless steel degraded when the time

duration was reduced from 7 min to 2 min. Therefore, instead of lengthening the time

duration to 15 rein, an alternative approach was to raise the brazing temperature to 900°C.

The wettinglspreading behavior of the Cu-Ag-Ti filler metal on the three substrates surfaces

for the same time period of 7 min was excellent. Thus, the 900°C, 7 min brazing

conditions were used in subsequent sample fabrication processes.

The selected timehemperature brazing processes for both the Cu-Ag-Ti and Au-Ni-

Ti filler metals are illustrated in Fig. 3. Each process began with a temperature rise of

10°C/min, to a sub-solidus temperature of 730”C (Cu-Ag-Ti) or 900°C (Au-Ni-Ti). The

hold time of 5 min at these respective temperatures allowed the specimen components and

graphite f~ture to reach an equilibrium temperature. The temperature was then raised at

5°C/min to the brazing temperatures. Brazing was performed at 900°C for 7 min with the

Cu-Ag-Ti material. The brazing temperature for the Au-Ni-Ti was 1000”C. A lower

brazing temperature and longer brazing time of 7 min (vis-ii-vis the 104O”C,3 min

conditions used in the wetting experiments) were implemented to ensure a reproducible

brazing temperaturehime condition. The sample temperatures were then slowly ramped

down (5°C/min) through the respective solidus points, to the previous hold values of 730”C

(Cu-Ag-Ti) and 900°C (Au-Ni-Ti). This latter step was implemented to mimic

metal/ceramic brazing processes for which a slow cooling rate during solidification in order

to minimize the build-up of residual stresses caused by thermal expansion mismatch across

the braze joint. The cooling rate was then increased to 10°C/min until a temperature of

approximately 400”C was reached, after which the assembly was allowed to fiu-nacecool

(rate <lO°C/min) to room temperature.

Sessile drop samples for microstructural analyses

Sessile drop samples were used in some assessments of the interface reactions in

the aged couples. The aged samples were evaluated using optical microscopy, scanning

electron microscopy (SEM), and electron microprobe analysis (EMPA) techniques.

Mechanical test specimen fabrication

Mechanical strength measurements were performed on individual test pieces that

were cut from the brazed parent blocks. Shown in Fig. 4a is a schematic diagram

illustrating the manner in which the tests pieces were cut from the brazed parent blocks.
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The cuts produced seven test pieces having a width that was ground to a dimension of 3.0

mm. Only those five pieces originating from the center portion of the parent block

assembly were used so as to avoid the W spacer wire. The other two pieces were archived.

The dimensions of the final test specimen (Fig. 4b) were reached through a series of

grinding operations on both sides that reduced the original “thickness dimension” from 6.4

mm to 4.0 mm. The final dimensions complied with the four-point bend test sample

specified in MIL-STD- 1942A, “Flexure Strength of High Performance Ceramics at

Ambient Temperature.” Although this particular specification was developed for the testing

of integral ceramic pieces, it has been adapted for the testing of braze joints, as well. All

surfaces were ground to a 432 finish and were inspected for gross flaws that may have

resulted from the cutting and grinding operations.

Bend strength test samples were constructed using the aforementioned base

materials and filler metals: (1) Thermo-SpanTMor InconelTM718 with the Cu-Ag-Ti iller

metal and (2) Thermo-SpanTMor Type 347 stainless steel with the Au-Ni-Ti filler metal.

is noted that an attempt was made to construct specimens of Cu-Ag-Ti brazing alloy

It

between Type 347 stainless steel substrates. However, these samples fell apart during the

cutting operations used to realize the final sample geometry. No further investigation was

performed to determined the cause of the weakened joints.

Four of the five test samples were used for the mechanical tests. The remaining

sample was cross sectioned to supplement the microstructural analyses that were performed

on the sessile drop samples.

Four-point bend mechanical strength test procedure.

The configuration of the four-point bend test (MIL-STD-1942A) is shown in Fig.

5. The test sample was placed on top of two outer support rollers that were separated by a

distance of 40 mm. The ground surface was placed in contact with the rollers. A second

part of the fixture having the two inner or “loading” rollers separated by a distance of 20

mm, was attached to the machine cross head and positioned on top of the sample. There

was no significant preload applied to the sample prior to the start of testing. The sample

was tested under a constant cross head displacement rate of 8.3 x 10-3mm/see. The flexure

strength, S, of the sample was computed from the maximum load recorded on the tester

output and the geometry of the specimen, according to the following equation.

s =3PL (3)
4bd2
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where P is the maximum load, L is support roller span (40 mm); b is the specimen width

(4.0 mm); and d is the specimen thickness (3.0 mm). The strength data were represented

by the mean of the replicate tests and the standard deviation of those tests.

Solid-state aging environments and test samples

Solid-state aging temperatures for the “low temperature” Cu-Ag-Ti alloy and the

“high temperature” Au-Ni-Ti alloy were as follows: (1) Cu-Ag-Ti, 150”C, 350”C and

575”C; and (2) Au-Ni-Ti, 225”C, 460”C and 700°C. Nominal aging times were 100 days,

200 days, and 300 days. In the case of the Cu-Ag-Ti braze alloy, the aging samples

incIuded Thermo-Spanw/Thermo-SpanTM and Incone1TM718/Inconeln7 18 combinations.

The aging samples made with the Au-Ni-Ti braze alloy were Thermo-SpanTM/Thermo-

SpanTMand Type 347flype 347. In order to fully understand the metallurgical reactions

taking place in the base alloy/fdler metal couples, it was deemed prudent in this study to

eliminate oxidation effects that may arise due to aging in air. Therefore, all aging

treatments were performed by placing the specimens in sealed quartz ampoules that were

backilled with 10 mTorr (1.3 Pa) Ar and included a piece of Ta foil to act as a getter

material for any residual Oz.

The sessile drop samples were fabricated specifically to evaluate the microstructural

changes caused by solid-state aging. Four-point bend samples were fabricated to assess

the effects of solid-state aging on mechanical strength. However, a more limited range of

aging parameters was used to age the four-point bend samples due to material availability

per each of the two braze alloys. Those conditions for samples made with the Cu-Ag-Ti

braze alloy were temperatures of 350”C and 575°C with time durations of 100 days and 200

days. For braze joints made with the Au-Ni-Ti alloy, the aging temperatures were 460”C

and 700°C and the time periods were 87 days and 200 days.

Results and Discussion

Sessile drop mo@.ology in the wetting/spreading experiments.

The process development experiments yielded interesting results on the morphology

of the spreading, molten Au-Ni-Ti braze filler metal; there were no distinguishable features

accompanying the wetting/spreading of the Cu-Ag-Ti alloy. A schematic diagram of the

Au-Ni-Ti sessile drop morphology along with an SEM micrograph of the leading edge of

the Au-Ni-Ti sessile drop on Thermo-SpanTMappear in Figs. 6a and 6b, respectively. This

particular sessile drop was formed under brazing conditions of 1053”C for 7 min. Three

distinct morphoIogies were observed in the SEM micrograph in Fig. 6b. At the top of the

picture is the bulk filler metal. The next area down is the first precursor fdm morphology
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designated as “zone 1” followed by a second morphology, “zone 2,” that terminates at the

edge of the sessile drop.

High magnificatio~ SEM (SE) micrographs of zone 1 appear in Fig. 7a and 7b.

Energy dispersive x-ray analysis maps in Figs. 7Cand 7d identified the distinct features of

the film to be Ni rich islands in a matrix of Au-rich phase. Because the Ti signal was not

observed, it was assumed that Ti was either uniformly distributed in the braze alloy or had

segregated to the filler metaI/base alloy interface underneath. The EDXA also detected Fe,

Si, and Cr signals, presumably from the underlying Thermo-SpanTMsubstrate material. ~

Two sources of Fe, Si, or Cr were hypothesized: (1) The precursor film in zone 1 was

suff~cientlythin ( <1-3 ~ thick) so as to allow the EDXA beam to sample the underlying

material. (2) The Fe, Si, and Cr were dissolved into the braze alloy while it was in the

molten state. Although subsequent metallographic cross sections confkmed that the

precursor films were very thin, data presented later on will confm that base metal

dissolution contributed Fe, Si, and Cr to the braze alloy.

Next, zone 2 from the micrograph in Fig. 6 was examined. The morphological

differences that distinguished this area from zone 1, are apparent in the SEM micrographs

Figs. 8a and 8b. The EDXA dot maps of Ni and Au appear in Figs. 8Cand 8d,

respectively; they show only a very small segregation of the Ni and Au constituents as Ni-

rich islands in a Au matrix. The analysis was not capable of distinguishing the location of

the Ti component of the braze alloy.

An evaluation was also made of the wetting/spreading behavior by the Au-Ni-Ti

filler metal over Type 347 stainless steel. The same process conditions were used. As was

the case with the Thermo-SpanTMbase metal, a two-zone plus filler metal structure was

observed. The fnst zone showed the same Ni-rich, network morphology with a Au-rich

matrix as was observed for the Thermo-SpanTMbase alloy. The second precursor film

zone on Type 347 stainless steel showed only a very small segregation of the Au and Ni

components, having, again, the same morphology as that recorded for the Thermo-SpanTM

substrate.

Braze joint microstructure - as-jhbrkated condition, Cu-Ag-Tifiller metal

The morphology of the Thermo-Spanm/Cu-Ag-Ti fdler metal interface was

examined by electron microprobe analysis (EMPA). An SEM micrograph and

representative EMPA trace taken from amongst the five scans that were made across the

interface, are shown in Figs. 9a and 9b, respectively. The interface structure was

comprised of two sub-layer chemistries. They were identified as sub-layer #1, which was

located between the substrate metal and a Ag-rich sub-layer and had a nominal thickness of
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about 8 pm. The second region, sub-layer #2, was located between the Ag-rich sub-layer

and the braze alloy field. Sub-layer #2, which had a nominal thickness of approximately 5

~m, appears to have developed within the fdler metal, suggesting that the Ag-rich sub-layer

was actually a remnant of the fdler metal. A composition (at.%) was determined for each

of sub-layers #1 and #2, based upon the mean of the individual elemental levels at the mid-

point of each laye~ those compositions are listed below. The data scatter is represented by

~one standard deviation and is shown in parentheses under the mean value.

Sub-layer #1 (at.%)

Si Ti Cr Fe Co Ni Cu Nb Ag

0.6 19 4.4 28 7 6 4
(0.2) (2) (0.6) (4) :; (1) (3) (2) . ;:0)

Sub-layer #2 (at.%):

Si Ti Cr Fe Co Ni Cu Nb Ag

1.1 70.3 21 4.5 27 20
(0.2) (4) (0.4) (3) (3) :;) A (0.8) (4)

Possible compound chemistries were developed from these results, based upon the

analysis of binary phase diagrams for pair-wise elemental combinations. First, sub-layer

#1 was examined. It was assumed that Fe, Ni, and Co would perform as one generalized

constituent. This premise was based upon the fact that these transition elements exhibited

extensive composition and temperature regimes of mutual solubility[23]. Next, the roles of

Cu and Nb were assessed. First, Cu exhibits complete solid volubility with Ni, but nearly

complete insolubility with Fe and CO[24]. Also, Cu forms an extensive array of line

compounds when combined with Ti[25]. Therefore, it was assumed that Cu would join

the (Fe, Ni, Co) constituent as a pseudo-Ni participant. Next, Nb was observed to form

line compounds when combined with Fe, Ni, and Co; however, Nb has complete solid

volubility with Ti over an extensive range of the phase diagram[26]. Thus, it was surmised ‘

that Nb would combine with Ti and form the second “constituent” as (Ti, Nb). It is more

ddllcult to hypothesize the behaviors of the other three elements, Si (0.6 at.%), Cr (4.4

at.%), and Ag (12 at.%). The Cr and Si atoms were assumed to behave like Ti and Nb

because of their similar refractory natures. Silver exhibits no particular solid-solution

tendencies with any of the other elements; therefore, Ag formed a third constituent because

there was no obvious interaction between it and the other&o constituent groupings. The

above analysis suggests the presence of one pseudo-line compound having the chemistry,

12



(Fe, Ni, Co, Cu)z(Nb, Ti, Si, Cr). The overall reaction layer composition would be

90[(Fe, Ni, Co, Cu),(Nb, Ti, Si, Cr]] 10Ag.

A similar analysis was performed with the sub-layer #2 elemental compositions.

Given the data scatter, it was observed that the second layer had the same nominal line

compound composition as did sub-layer #1.

A secondary driving force for the accumulation of Ti at the base metal/filler metal

interface (besides the filler metal/base alloy interracial reaction that formed the sub-layer

structure) may have been the oxide layer that formed on the Therrno-SpanTMsurface. The

surface of the Thermo-SpanTMmaterial likely has a combination of oxides of Ni, Co, Cr,

Nb, Si, and Al. These oxides may have provided a chemical potential that caused Ti to

diffuse towards the interface to sustain a reduction-oxidation reaction with the oxide layer.

Electron microprobe analysis scans approximately 100 pm (0.004 in.) were also

perforrnedparallel to the filler met.ahubstrate interface, at distances of 10 pm and 25 pm

away from that interface, into the base alloy. The purpose of this analysis was to determine

whether the Cu-Ag-Ti braze alloy had diffused into the Thermo-Spanw material through

bulk and/or grain boundary transport. Possible consequences include grain boundary and

bulk material dissolution and/or the formation of additional phases. Filler metal

constituents (Cu, Ag, and Ti) were observed periodically along the trace taken at a distance

of 10 pm from the interface, indicating their location as being at the Thermo-SpanTMgrain

boundaries. .However, the trace at 25 pm revealed only the constituents of the substrate

alloy.

Electron microprobe analysis traces were taken across the interface region of as-

fabricated InconelTM7 18/Cu-Ag-Ti samples. An SEM micrograph of the joint and

representative EMPA trace are shown in Figs. 10a and 10b, respectively. Two sub-layers

(#1 next to the substrate and #2 next to the fdler metal field) were discerned from the traces,

being separated by a slight, yet persistent, Fe signal peak. Sub-layer #l was approximately

2pm thick sub-layer #2 was only slightly thicker at 2-3 pm. The overall compositions of

the two layers are presented below:

Sub-layer #1 (at.%)

T1 Cr Fe Ni Cu Nb Mo Ag

19 19 15 37 5 3.1
(2) (2) (3) (3) (2) (0.5) :Oi) :Oi)

Sub-1ayer#2 (at.%): .-

Ti Cr Fe Ni Cu Nb Mo Ag

31 0.2 3 33 32 0.2 0 2
(2) (0.3) (2) (3) (4) (0.4) (o) (4)
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The normalized layer stoichiometries were: sub-layer #1, (Fe,Ni,Cu)q(Ti,Cr,Nb,Mo)2 and

sub-layer #2, (Fe,Ni,Cu)z(Ti, Cr,Nb,Mo). It was observed that the Ag had no significant

role in the sub-layer #1 chemistry (<1%) and only a small presence in the #2 line I
compound chernis~ (2%). Again, the oxide layer which was present on the .Inconelm718 I
surface could have provided a contributory driving force for Ti to accumulate near the base

I
metal/ftier metal interface.

Four-point bending strength - as-fabricated condition, Cu-Ag-Ti@ller metal

The four-point bend strength data for all metal-to-metal braze joints combinations

are shown in Fig. 11. The Cu-Ag-Ti data will be discussed now. The bars represent the

data mean; the individual test values are included within the bar graphic. Mean strengths of

similar magnitude were observed for the Cu-Ag-Ti braze joints made to either the Therrno-

SpanTM(250t60 MPa) or InconelTM718 (280~90 MPa) alloys. These strength values are

well below those of the respective substrate alloys; no deformation was observed in either

Therrno-SpanTMor Inconel~7 18 bars after testing.

The fracture morphology of the test samples was also analyzed. Shown in Fig. 12

are representative, low and high magnification, scanning electron micrographs of the

fracture surfaces of the as-fabricated test samples made with Thermo-SpanT’Mand the Cu-

Ag-Ti ffler metal. The failure path progressed along the interface between the braze alloy

and the substrate material. In Fig. 12a, it is noted that the fracture path locally jumped

between the two interfaces present in the joint. The smaller scale features of the fracture

surface are shown in Fig. 12b. An EDXA spectrum was made on the fracture surface.

That spectrum showed a relatively strong Ti signal. The Therrno-span’TMalloy has Ti in it,

but at levels of only 0.8% which were too low to have accounted for the observe peak

strength. Titanium was observed to have accumulated at the interface reaction layer (Fig.

9). Therefore, the EDXA spectrum and SEM micrographs of the fi-acturesurface indicated

a failure path that was located at the filler metahubstrate interface.

A similar fracture siuface morphology was observed with theInconelTM718/Cu-

Ag-Ti samples. The crack path was along the filler metal/substrate interface. Energy

dispersive, x-ray analysis spectra taken on the surface showed a very strong Ti signal that

is commensurate with the presence of the interracial reaction layers,

(Fe,Ni,Cu)~(Ti,Cr,Nb,Mo)z and (Fe,Ni,Cu)2(Ti,Cr,Nb,Mo) that were observed in Fig. 11.

In summary, it was observed that the as-fabricated braze joints formed with the Cu-

Ag-Ti ftier metal and either the Therrno-SpanTMor InconelTM718base alloys exhibited

relatively low four-point bend strengths. The fracture paths of both specimens were
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located along me fiiler metalhubstrate interface. The low bond strengths and fracture

surface morphologies indicated that the respective interracial reaction layers had provided a

preferential location for crack initiation and propagation.

It should be noted that in an ancillary investigation, an attempt was made to form

braze joints between Type 347 stainless steel pieces using the Cu-Ag-Ti fdler metal. The

bend bar specimens fell apart during the sample cutting process, indicating a very weak

joint. Although no fiuther analyses were performed, it was hypothesized that, excluding

poor wetting, such a catastrophic failure is indicative of the development of a brittle

interrnetallicreaction at the filler metalhse metal interface.

Braze joint microstructure - as-fabricated condition, Au-Ni-Tifiller metal

The braze joint microstructure that formed between the Au-Ni-Ti filler metal and

the Thermo-SpanTMand Type 347 stainless steel base alloys were examined through

metallographic cross sections. Representative micrographs of the as-fabricated Thermo-

Spanm/Au-Ni-Ti and Type 347 stainless steel/Au-Ni-Ti braze joints are shown in Figs.

13a and 13b, respectively. The joint thickness for the Thermo-SpanTMalloy (Fig. 13a)

appeared to be nearly twice the spacer wire diameter (0.051 mm) value due to the addition

of reaction zones at the mutual fdler metal/base alloy interfaces. Similar reaction zones did

not form with the Type 347/Au-Ni-Ti couples. Grain boundary dissolution/infiltration at

the border between the reaction zone and the base alloy was approximately one-half to one

grain deep for the Thermo-SpanTMmaterial. The grain boundary dissolution was

significantly greater for the Type 347 stainless steel, progressing to a distance of one or

two grains deep at the filler metal/base alloy interface.

The electron microprobe analysis of the ftier metal/base alloy interface confined

an absence of specific phase chemistries in the reaction layers. Shown in Fig. 14 is a

representative EMPA trace made across the interface formed between the Therrno-SpanTM

base alloy and the Au-Ni-Ti filler metal. No consistent, line stoichiometry was identified at

the interface. Rather, a transition zone was observed at the prior ffler metalbase alloy

interface that ranged from 15 pm to approximately 35 ~m wide. A concentration maximum

of Ni was observed. There was no preferential concentration of Ti within the zone.

Concentration gradients of the individual elements, Fe and Co, and to a lesser degree, those

of Nb and Cr, suggested that base alloy dissolution and liquid-state diffusion processes

were the source of the reaction layer. The dissolution resulted in a significant concentration

of Fe (10 at.%) and Co (7 at.%) with trace amounts of Cr and Nb present in the fdler

metal, away from the interface, towards the center of the gap (where the EMPA trace
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terminated). The amount of Ti was commensurate with the filler metal composition (4

at.%) as was the ratio of Au to Ni.

Electron microprobe analysis of the interface region between the Au-Ni-Ti filler

metal and the Type 347 stainless steel base alloy was based upon traces similar to that

shown in Fig. 15. A transition zone at the mutual interface ranged in size from 15 pm to

30pm wide. As in the case of the Thermo-SpanTMalloy, a relatively high concentration of

Ni was observed in the transition zone. The peak value was similar for the Type 347

stainless steel and Thermo-SpanTMcouples. The Ti content of the filler metal exhibited no

unique role in the interface metallurgy. Elevated concentrations of Fe (17 at.%) and Cr (4

at.%) were observed in the filler metal. A comparison of the EMPA trace in Fig. 15 with

that of the Thermo-Sparlm/Au-Ni-Ti couple in Fig. 14 shows similar Au, Ni as well as Ti

concentration profiles within the remaining fdler metal. However, a greater Fe content was

observed in the remaining filler metal of Type 347/Au-Ni-Ti couples (Fig. 15) which was

likely a consequence of the higher Fe concentrations in that base alloy.

A few, isolated voids were observed in the filler metal comprising the gap. Those

voids did not have a morphology that indicated poor wetting of the base alloy surfaces.

Rather, outgassing by the substrate materials and/or braze alloy at the elevated

temperatures; insufficient filler metal quantity to completely fill the gap (especially given the

extensive interface reactions); as well as solidification shrinkage were possible causes.

Four-point bending strength - as-fabricated condition, Au-Ni-Tifiller metal

The four-point bend strengths of the as-fabricated braze joints made with Thermo-

SpanTMand the ANSI Type 347 stainless steel, using the Au-Ni-Ti braze alloy, are shown

in Fig. 11. The Thermo-SpanTMjoints exhibited the highest strengths of the metal/metal

braze joints, with a mean value of 880 MPa (128 ksi). In fact, some deformation of the

Thermo-SpanTMbend bars was observed. On the other hand, the Type 347 stainless steel

joints had relatively low individual strengths of 253 MPa (36.7 ksi), 490 MPa (71.1 ksi),

and 288 MPa (41.8 ksi) for each of the three tests. The mean of the three strength values

was 340+139 MPa (49~20-ksi).

A scanning electron microscope examination was made of the post-test fracture

surfaces; representative micrographs are shown in Fig. 16. The low magnification image

of the Thermo-SpanTMspecimen fracture surface (Fig. 16a) was largely featureless. The

higher magnification image (Fig. 16b) showed extensive deformation and ductile tearing.

The Au-Ni-Ti/Type 347 stainless steel sample exhibited a slight ripple pattern on the

fracture surface (Fig. 17a). The higher magnification image (Fig. 17b) showed a lesser

degree of ductility as compared to the Thermo-Spanm fracture surfaces. Small facets on
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the order of 1-2pm (3.9- 7.8x 10-5in.) suggested that some form of intergranular failure

had occurred in the failed Type 347 stainless steel braze joints.

Despite the observed differences in respective morphologies, the fracture paths in

both the Thermo-SpanTMand Type 347 stainless steel braze joints remained within the filler

metal. This point was confined by cross sectioning of a post-tested bar from each of the

two categories of base alloy (Thermo-Span~ and Type 347 stainless steel). Also, EMPA

traces made across the remaining braze alloy showed the expected bulk filler metal

composition (albeit, contaminated with base alloy elements).

Yet, the strengths of the Au-Ni-Ti joints made with Thermo-SpanTMwere

considerably higher than those made to the Type 347 stainless steel. Comparing the EMPA

traces provided in Figs. 14 and 15, it was hypothesized that the higher levels of Fe and Cr

contamination in the Au-Ni-Ti fdler metal of joints made to the Tyye 347 stainless steel

pieces, were a source of reduced strength and/or lower ductility for the fdler metal.

Braze joint microstructure – post thermal aging condition, Cu-Ag-TijMer metal

Optical microscopy of metallographic cross sections revealed no discernible

changes to the microstructure of the Thermo-SpanTWCu-Ag-Tibraze joint interfaces.

Representative EMPA trace for Thermo-span~ braze joints after aging at 575°C for 300

days is shown in Fig. 18. An EMPA trace representing the as-fabricated case was shown

in Fig. 9. Recall that the as-fabricated couples exhibited a double layer, interface structure.

Each sub-layer had the same nominal composition of 90[(Fe, Ni, Co, Cu)2(Nb, Ti, Si,

Cr)] 10Ag. The EMPA trace in Fig. 18 indicates that the aging treatment caused a loss of

the sub-layer nearest the filler metal. The thickness of the remaining reaction layer was

approximately 8 pm, a value which was similar to that of the sub-layer adjoining the base

material in the as-fabricated specimens (Fig. 19a). Therefore, the reaction layer after aging

had decreased in thickness.

The centerline composition was assessed for each of the EMPA traces as described

earlier. The normalized stoichiometry was determined to be (Fe,Ni,Co,

Cu)z(Ti,Nb,Si,Cr), which was identical to the proposed line compound reaction

composition formed in the as-fabricated condition. In the case of the aged sample,

however, the Ag content did not participate significantly in interface reaction product

(0.4+0.6%). In summary, the solid-state aging treatment of the Thermo-SpanVCu-Ag-Ti

couples eliminated the sub-layer that initially formed adjacent to the filler metal field. The

thickness and stoichiometry of the remaining layer next to the Thermo-span~ base material

were largely unchanged from the as-fabricated samples with the exception that the Ag no

longer had a significant presence in the interface reaction product.
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The aged Cu-Ag-Ti braze joints made withInconelTM718 alloy were similarly

analyzed. In this case, cross sections revealed changes to the braze joints. Shown in Fig.

19 is a sequence of such rnicrographs from braze joints that were aged for 200 days at

temperatures ofi (a) 150°C, (b) 350°C, and (c) 575°C. The interface reaction structures

have expanded into the base material with further aging. Grain boundary

diffusion/dissolution was observed in advance of the reaction zones. The number of

blocky phase structures that developed along the interface between the reaction zone and the

fdler metal increased with increased aging temperatures. The Cu-rich phase particle size in

the bulk filler metal was not significantly affected by the aging treatment.

Electron microprobe analysis traces were made across the Thermo-SpanTMmaterial

of the aged couple (150°C, 200 days), parallel to the filler metal/braze alloy interface, at

distances of 10 pm and 25 pm. In neither case was there evidence that accelerated

diffusion or dissolution by the Cu, Ag, or Ti components of the braze alloy had occurred.

Electron microprobe analysis traces were also made across the aged,

InconelTM718/Cu-Ag-Tibraze joints. Representative traces are provided in Fig. 20 for the

conditions ofi (a) aging at 150°C for 100 days and (b) aging at 575°C for 300 days. An

EMPA trace representing the as-fabricated condition was shown in Fig. 10. As noted

previously, the as-fabricated interface was comprised of two sub-layers separated by a

small Fe pe&, the sub-layer stoichiometries were: (Fe,Ni,Cu)q(Ti,Cr,Nb,Mo)z for sub-

layer #1 next to the InconelTM718base material and (Fe,Ni,Cu)2(Ti,Cr,Nb,Mo) for sub-

layer #2 next to the filler metal field. Each of the two sub-layers was no more than 2 or 3

pm thick. Aging at 150°C for 200 days had the following effects on the interface

structures. First of all, it caused a slight thickening of both sub-layers to values of

approximately 3-5 pm and the Fe peak, which separated the two sub-layers, became

slightly higher. Secondly, the Ti concentration increased in the second sub-layer next to

the filler metal. Third, the mid-point composition of sub-layer #1 remained unchanged

while that of sub-layer #2 was found to be (Fe,Ni,Cu)T(Ti,Cr,Nb,Mo)~. Moreover, the

second sub-layer also exhibited large fluctuations in the Cr, Fe, and Cu concentrations. In

two of the five EMPA traces, the Cr and Fe levels increased to an average of 1490and

22%, respectively, while the Cu content dropped to approximately 3%, resulting in an

apparent stoichiometry of (Fe,Ni,Cu)~(Ti,Cr,Nb,Mo)zwhich resembled that of sub-layer

#1.

Aging of the InconelTM718/Cu-Ag-Ticouples at 575°C for 300 days (Fig. 20b)

caused the interface structures to grow further and to become more compositionally

complex. The entire interface reaction layer extended over a distance of 22 pm. Two sub-

layer, interface reaction products were identified from the EMPA traces. The mid-point of
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the first layer next to the base metal was located at the 11 ~m position in the Fig. 20b trace;

the mid-point of the second sub-layer neighboring the fdler metal was located at the 18pm

position. The sub-layer compositions remained largely unchanged from those observed

after aging for 100 days at 150”C: sub-layer #1, (Fe,Ni,Cu)~(Ti,Cr,Nb,Mo)2 and sub-layer

W, (Fe,Ni,Cu)T(Ti,Cr,Nb,Mo)Y The sub-layer W data showed locally higher

concentrations of Cr (8-9%) and Fe (25%) that were compensated by proportional

decreases in the other elements; the Cu content remained stable between all five traces.

In summary, the solid-state aging treatment caused a noticeable increase in the

thickness of the reaction layer that formed between the InconelTM718 base alloy and the

Cu-Ag-Ti filler metal. The reaction sub-layer #2 next to the ftier metal showed a slight

change to its stoichiometry as compared to the as-fabricated composition. Also, the aging

treatments caused the chemistry of the #2 sub-layer to locally fluctuate in the Fe, Cr and Cu

concentrations.

Four-point bending strength - post theml aging, Cu-Ag-TijZler metal

The four-point bend strength data from the Thermo-Spa@WCu-Ag-Ti and

Inconel~7 18/Cu-Ag-Ti tests are shown in Fig. 21. The as-fabricated strength values have

also been included. First the case of the Therrno-Spanm/Cu-Ag-Ti is discussed (Fig. 21a).

It is observed that, with the exception of the single sample aged at 350”C for 100 days, the

other aging treatments did not cause a significant change to the bend strength of the braze

joints. The high strength value observed after the 350”C, 100 days aging treatment was not

confined by additional testing.

An examination was made of the fracture surfaces of samples aged at 350°C for 100

days and 575°C for 200 days. At low magnification, the fracture surfaces appeared similar

to that of the as-fabricated case in Fig. 12a, suggesting a similar fracture path in the vicinity

the filler metal/base alloy interface. However, some subtle differences in surface

morphology were observed at higher magnification. Shown in Fig. 22 are the higher

magnification SEM images of the fracture surfaces of the bend samples aged under the

above conditions. When compared to Fig. 12b (as-fabricated), it is noted that the fracture

surface of the sample aged at 350”C for 100 days (Fig. 22a) had similar, hillock features,

but with a more distinct contrast. Also, this aging treatment caused a finer scale

topography to appear on the fracture surface. The more severe aging treatment (575°C, 200

days) caused the hillock structures to largely disappem, however, the finer morphology

remained on the surface.

Optical microscopy provided additional insight into these subtle changes in the

fracture morphologies. Shown in Fig. 23 is the optical rnicrograph of the cross section of a
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tested bend bar ~at had been aged at 575°C for 200 days. It is noted that the fracture path

lies at the interface between the reaction (line compound) layer and the Therrno-SpanTM

base material. When similar observations were made of a tested sample that was in the as-

fabricated condition, the fracture jumped between the reaction layerLf’hermo-Spanw

interface, where it was a majority of the time, and the reaction layer/braze alloy interface. It

was this migration of the failure from between the two interfaces that was responsible for

the hillock surface features. (The same fracture process was inferred for the samples aged

at 350”C for 100 days given a similar presence of hillock structures.)

In summary, the bend bar fracture strengths observed on for the as-fabricated

Thermo-SpanVCu-Ag-Ti specimens were not significantly changed by the solid-state

aging processes. Although some slight differences were observed with the fracture surface

morphologies, the fracture path remained associated with the reaction layer(s) at the filler

metalbse alloy interface.

The bend strength data obtained from aged JnconelTM718/Cu-Ag-Ti samples

appears in Fig. 2lb. As was the case with the Thermo-SpanTM/Cu-Ag-Ti couples, the

aging treatments did not cause a significant change to the strength values. Similarly, the

fracture path remained located at the interface reaction layers.

Braze joint microstructure – post thermal aging condition, Au-Ni-Tifiller metal

Minimal effects were observed in the braze joint microstructure of couples formed

between the Thermo-Span~ base alloy and the Au-Ni-Ti filler metal that had been aged for

the specified time periods at temperatures of 225°C and 460”C. The interface reaction zone

still exhibited a high concentration of Ni; however, there was no development of reaction

(line) compounds there. The ffler metal microstructure likewise remained unchanged from

that observed in the as-fabricated samples

Changes to the microstructure were observed in samples exposed to the 700”C

aging temperature. Shown in Fig. 24a is a low magnification rnicrograph of the braze joint

aged for 437 days. Two distinct morphologies were observed: A lighter area was located at

the center of the join~ it had a width of approximately 0.055 mm, very close to the expected

gap thickness controlled by the W wire. Two regions of darker microstructure were located

to either side of the center region. The thickness of these two bands was 0.06 to 0.08

mm. A comparison of these zone morphologies and thickness values with those of the as-

fabricated sample (Fig. 13a) indicate that the aging treatment caused (1) changes to the

microstructural features of both the central braze alloy zone and interracial reaction zones

and (2) enlargement of the interracial reaction zone by a factor of two-to-three. In addition,

the high magnification micrograph in Fig. 24b suggests that significant phase development
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had taken place along the Thermo-SpanTMgrain boundaries as well as within the grains,

themselves.

The phases that developed near the Thermo-SpanVAu-Ni-Ti interface in Fig. 24

was identified with the use EMPA. Shown in Fig. 25a is one of the five traces performed

across the base alloy/filler metal interface. A grain boundary phase was identified by the

EMPA technique. The unaged Thermo-Spanw alloy had exhibited an enrichment in Nb

and to a lesser degree, Co, at the grain boundaries. The higher Nb and Co contents were

accompanied by reduced levels of Ni, Fe, and Cr. Near the reaction zone of the aged

Thermo-Spanw/Au-Ni-Ti couples, the Thermo-SpanTMgrain boundaries exhibited an

increase in the Nb content. Concentration peaks of Au and Ni, as well as a small jump in

the Ti signal, were observed. Concurrently, the Fe and Cr signals dropped to levels that

were below the nominal concentrations in the Thermo-SpanTMalloy. Also, Co levels

decreased at the boundaries. These observations indicate that the 700°C, 437 day aging

condition allowed the diffusion of Au, Ni, and Ti along the Thermo-SpanTMgrain

boundaries, concentrating these elements there at the expense of the Fe, Co, and Cr

elements.

An examination of the EMPA traces was made to locate a sufilciently large grain

boundary phase that would allow an estimate of its composition. Two such regions were

identified. The Au and Ti contents were measured directly; the Ni content was taken as the

difference between the higher peak in the aged sample and the nominal Ni level in the base

alloy. The grain boundary composition (at.%) was calculated to be: 49% Au, 46% Ni, and

5% Ti. This composition, when converted to weight percent, is 78Au-21Ni-lTi which is

very similar to the nominal composition of the filler metal (81Au- 17.5Ni-1.5Ti).

The as-fabricated Thermo-Spanw/Au-Ni-Ti braze joints exhibited a gradient of Au,

Ni, etc. concentrations in the reaction zone formed between the base alloy and the filler

metal (Fig. 14). However, the solid-state aging treatment caused a discretization of the

filler metal field as is illustrated in Fig. 24b. At the immediate boundary between the

reaction zone and the (nominal) Au-Ni-Ti fdler metal field, a Au concentration spike was

observed. A reproducible chemistry was observed with Au at a level of 67 at.%,

accompanied by Ti (15 at.%), Ni (12 at.%), Fe (3 at.%), Co (2 at.%), and Cr (1 at.%).

This composition was represented throughout the entire matrix field of the filler metal.

Also, discrete particles had developed in the filler metal after solid-state aging.

Three ancillary traces were used to identi~ the composition of the particles. The elemental

concentrations were quite reproducible (A 1 at.%). The nominal composition of the

particles was 36%Fe, 33%Ni, 24%C0, 5%Cr, and 1-2%Au. The binary phase diagrams of

Cr-Fe, Cr-Ni, and Fe-Ni exhibit extensive regions of pair-wise, mutual volubility that
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generally culminate into various degrees of phase separation at lower temperatures. A

similar description pertains to Au versus the other three elements. The general, mutual

volubility between the pa&wise elements and homogeneous particle distributions suggests

that particle development in the fdler metal was a result of a short-range, phase separation

mechanism rather than long-range mass transport from the Thermo-SpanTMbase alloy. The

solid-state aging conditions supported the necessary diffusion processes.

The microstructure of solid-state aged braze joints between the Type 347 stainless

steel and the Au-Ni-Ti filer metal was similarly examined. The extent of the braze j oint,

including the gap containing the filler metal and the reaction zones, did not grow

signiilcantly after aging of up to 300 days at either 225°C or 460”C.

A feature that became more distinct in the fdler metal, but was not particularly

noticeable in the as-fabricated sample (Fig. 13b), was a demarcation zone down the center

of the joint gap. This artifact is exemplified by the optical micrograph shown in Fig. 26

that was taken of the sample aged at 225°C for 300 days. The differential interference

contrast method was used to accentuate the features due to their limited gray-scale (color)

contrast. Intermittent breaks in the line were observed along the braze joint. The existence

of this line at earlier aging times of 87 days (at 225”C) was confined by the EMPA trace

shown in Fig. 27. The region is rich in Ni and Ti. Gold and Fe were present as was a trace

of Cr. The variabili~ in chemical composition suggests that a line compound was not

present.

An appreciable increase in the width of the braze joint structure was observed for

Type 347 stainless steel/Au-Ni-Ti couples aged at 700”C. This point is illustrated by the

optical micrograph in Fig. 28 of the specimen aged for 437 days. A reaction zone

approximately 35 pm appears to have developed in the near-interface, base material. The

reactions appear to have begun at the stainless steel grain boundaries, then progressed to

the interior of the individual grains. A representative, EMPA trace from a series made

across the braze joint is shown in Fig. 29. At the interface between the stainless steel and

the reaction zone, peaks in the Au, Mn, and Ti concentrations and minimums in the Fe, Ni,

and Cr signals were observed. Progressing from the stainless steel, through the reaction

layer, to the fdler metal, the following concentration trends are noted: The Fe, Cr, and Mn

contents remained relatively constant at 54 at.%, 13 at.% and <1 at.70, res~ectively. The

Ti content in the reaction zone was effectively zero. Finally, an increase in Ni content (22

at.% to 30 at.%) and decrease in the Au content (6 at.% to 1 at.%) were observed through

the reaction zone

The braze alloy was comprised of two phases, a matrix phase and particle phase.

The matrix phase was characterized by low concentrations of Fe, Ni, Mn, and Cr, all about
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8-10 at.%; the remainder was Au. The Au content was disproportionally high versus the Ni

concentration vis-h-vis the nominal Au/Ni ratio of the filler metal composition which

existed after brazing, prior to aging. Secondary phase particles developed in the flier metal

field which were not present in the as-fabricated joint. The particle composition was 55

at.% Fe, 30 at.% Ni, 13 at.% Cr, and 2 at.% Au. A comparison was made between this

chemistry and the compositions of similar particles in the aged, Au-Ni-Ti fdler

metal/Thermo-SpanTM couples. The particle compositions were not the same because they

mirrored the contaminant levels provided by the different base metals. It was hypothesized

that the particles that formed in the ffler metal zone after solid-state aging were an outcome

of phase separation (precipitation) processes.

Four-point bending strength - post thermal aging, Au-iVi-Tifiller metal

Shown in Fig. 30 is a bar chart depicting the four-point bend strength of Thermo-

Span~/Au-Ni-Ti braze joints following solid-state aging. The bend strength increased

from the as-fabricated, mean value of 880 MPa (128 ksi), to mean values of 1020 MPa

(148 ksi) and 1000 MPa (145 ksi) following aging at 460”C for 87 and 200 days,

respectively. The joint strengths then decreased to values of 600 MPa (87.1 ksi) and 410

MPa (59.5 ksi) after exposure to the higher aging temperature of 700”C for the same,

respective time periods. A comparative analysis was made between the as-fabricated and

460”C aged test samples, examining SEM images of the fracture surfaces as well as

reviewing optical microscopy and EMPA evaluations of specimen cross sections. This

effort was made in order to identify the source of the strength increase after aging. No

distinguishing fracture surface nor microstructural features were identified. The fact that

SEM analysis indicated that the fracture surface was unaffected by solid-state aging implies

that the failure path remained within the filler metal. Therefore, the strength increase due to

aging at 460”C could not be correlated to a detectable change in the filler metal

microstructure.

Next, the strength decrease after aging at 700”C was examined. It was noted above

that the solid-state aging of the Thermo-SpanT”/Au-Ni-Ti couples at 700”C was

accompanied by two microstmctural changes: (1) the development of a reaction zone at the

Thermo-SpanTWAu-Ni-Ti interface and (2) the precipitation of a particle phase in the

remaining filler metal. Shown in Fig. 31 are SEM photographs of the fracture surface of a

four-point bend specimen tested in the as-fabricated condition and that of a specimen tested

after being aged at 700°C for 200 days. (The as-fabricated case in (a) also represents the

morphologies observed after aging at 460”C.) The large scale ductility of the as-fabricated

sample was not observed on the surface of the aged sample. Rather, solid-state aging
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resulted in a fracture morphology having a mixture of small-scale ductility combined with a

(harder) particle phase. Some the latter appear to have been pulled out of the surface.

Therefore, the strength decrease of the four-point bend samples following solid-state aging

at 700°C was associated with particle precipitation in the filler metal zone.

k summary, the effect of the solid-state aging process on the four-point strengths

of the Thermo-Spanw/Au-Ni-Ti couples appears to reflect the occurrence of a precipitation

strengthening process in the fdler metal. Per the given conditions, precipitation

strengthening was maximized by aging at 460”C. Over-aging took place after heat treating

at 700”C with a drop in strength that was accompanied by the appearance of”particles in the

filler metal. The precipitation process was caused by elemental additions to the filler metal

resulting from dissolution of the Thermo-Span=Mbase alloy during joint formation.

The strength behavior of the Type 347 stainless steel/Au-Ni-Ti braze joints as a

function of solid-state aging is shown by the bar chart in Fig. 32. Aging at 460”C for either

87 or 200 days caused an increase in strength from the value of 340 MPa (49.3 ksi) for the

as-fabricated samples, to values of 680 MPa (98.7 ksi) and 605 MPa (87.8 ksi) for the

aged samples, respectively. Solid-state aging at 700°C for similar time durations resulted in

four-point bend strengths of 461 MPa (66.9 ksi) after 87 days and 426 MPa (61.8 ksi)

after 200 days. These latter values were considerably lower than those from samples aged

at 460”C; they were only slightly higher than those observed from the as-fabricated

specimens.

The trend of bend strength value as a fi.mctionof solid-state aging was very similar

to that recorded for the Thermo-SpanWAu-Ni-Ti couples. In fac~ the similarity extended

to the SEM images of the fracture surfaces. That is, the large degree of ductility that was

observed on the fracture surfaces of the as-fabricated samples was replaced with a

composite morphology of localized (matrix) ductility and particles that was representative

of the changes to the filler metal zone where fracture took place.

In conclusion, like the Thermo-SpanTM/Au-Ni-Ticouples, the strength behavior of

the Type 347 stainless steel/Au-Ni-Ti couples resembled the progression of a precipitation

strengthening process. The-strength increase after aging at 460”C was caused by a

precipitation strengthening mechanism within the filler metal microstructure. The

accompanying microstructural changes would not be observed by traditional optical

microscopy. A strength drop and accompanying particle formation after aging at 700”C are

indicative of the over-aged condition of a precipitation strengthening sequence.

Summary ~
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(1) The effects of solid-state aging were examined for braze joints made between the

63.3Ag-35. lCu-1.6Ti filler metal and Thermo-spanTM(24.5Ni-29.0Co-5 .5Cr-4.8Nb-(Si,

Ti, Al)-bal. Fe) and InconelTM718(55Ni-21Cr-5.5 (Nb+Ti)-3.3Mo-bal. Fe) substrate

alloys. Braze joints between the 8lAu- 17.5Ni-1.5Ti fdler metal and Thermo-Spanm and

ANSI Type 347 stainless steel (18Cr-1 lNi-2Mn-lSi-(Ta, Nb)-O.08C-bal. Fe) were

similarly evaluated.

(2) Excellent wetting-and-spreading was exhibited by both Cu-Ag-Ti and Au-Ni-Ti braze

alloys on the respective substrate materials as determined by contact angle measurements.

(3) While the sessile drop morphology of the Cu-Ag-Ti alloy showed no distinguishable

features, a two-zone precursor structure was noted at the edge of tie Au-Ni-Ti sessile

drop.

(4) In the as-fabricated condition, the Thermo-Span~/Cu-Ag-Ti couple exhibited two sub-

layers at the filler metal/substrate interface. Each sub-layer had the same nominal

composition: 90[(Fe, Ni, Co, Cu)2(Nb, Ti, Si, Cr)] 10Ag, but were separated by a Ag

peak. Solid-state aging caused the loss of sub-layer nearest the filler metal; the remaining

sub-layer had only the pseudo-line compound chemistry, (Fe, Ni, CO,Cu)2(Nb, Ti, Si,

Cr)

(5) The interface reaction zone in the as-fabricated InconelTM718/Cu-Ag-Ti couples

contained two sub-layers having the following line compositions: sub-layer #1 next to the

base alloy, (Fe,Ni,Cu)~(Ti,Cr,Nb,Mo)z and sub-layer #2 next to the filler metal field,

(Fe,Ni,Cu)z(Ti,Cr,Nb,Mo). Solid-state aging caused the interface reaction to thicken. The

composition of sub-layer #1 remained unchanged while that of sub-layer #2 shifted to

largely a (Fe,Ni,Cu)T(Ti,Cr,Nb,Mo)~ chemistry.

(6) The bend bar fi-acturestrengths observed with the as-fabricated Thermo-Spanm/Cu-Ag-

Ti specimens were not significantly changed by the solid-state aging processes. The

fracture path remained associated with the reaction layer(s) at the ftier metal/base alloy

interface. Similarly, solid-state aging caused no significant change to the bend strength of

the InconelTM718/Cu-Ag-Ticouples because the fracture path remained along the interface

reaction layers.
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(7) A reaction zone measuring 15pm to 35 pm wide was observed at the interface between

the Therrno-Span~ alloy and the Au-Ni-Ti filler metal in the as-fabricated condition.

Significant amounts of Fe (10 at.%) and Co (7 at.%) and trace amounts of Cr and Nb were

present in the filler metal. Aging at the highest temperature of 700”C caused (1) an

enlargement of the interracial reaction zone, (2) a discretization of the reaction zone

chemistry profile, and (3) the precipitation of a particle phase in the filler metal field having

the chemistry (at.%): 36%Fe, 33%Ni, 24%C0, 5%Cr, and 1-2%Au.

(8) The Type 347 stainless steel/Au-Ni-Ti couples exhibited an interdiffusion zone at the

base material/ftier metal interface and contamination of the ftier metal by base alloy

elements. These changes were similar to those observed with the Thermo-Span~/Au-Ni-

Ti couples after aging. The particles that developed in the filler metal had a composition of

(at.%): 55% Fe, 30% Ni, 13% Cr, and 2% Au.

(9) The effect of the solid-state aging process on the four-point strengths of the Thermo-

SpanTM/Au-Ni-Tiand ANSI Type 347 stainless steel couples reflected a precipitation

strengthening process in the fdler metal. Per the given conditions, precipitation

strengthening was maximized by aging at 460°C. Over-aging took place during heat treating

at 700°C, with a strength drop that was accompanied by the appearance of particles in the

filler metal. The precipitation process WW”caused by elemental additions to the filler metal

resulting from dissolution of the respective base alloys during joint formation.
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Figures

Fig. 1 Assembly configurations for the metal/metal test samples.

Fig. 2 Schematic diagram of the sessile drop configuration used to assess the nettability of

the braze alloys on the substrate material surfaces. The quantitative metric is the contact

angle, & The symbol “r” is the effective spread radius assuming a circular footprint to the

area-of-spread, and “h” is the height of the filler metal mound.

Fig. 3 Time/temperature parameters for the (a) Cu-Ag-Ti and (b) Au-Ni-Ti brazing

processes.
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Fig. 4 (a) Schematic diagram of the manner in which the test pieces were cut from the

brazed parent blocks. (b) Dimensions of the four-point bend bars used in the mechanical as

well as in a number of the microstructural analyses.

Fig. 5 Schematic diagram of the four-point bend test per MIL-STD- 1942A. The flexure

strength, S, was computed from the sample geometry and the maximum force, F, recorded

by the load frame.

Fig. 6 (a) Schematic diagram showing the generalized precursor film structure that was

formed by the Au-Ni-Ti filler metal as it spread over the metal alloy surfaces.-(b) SEM

micrograph of the surface of the Au-Ni-Ti sessile drop on the Thermo-SpanTMalloy

showing the precursor film structure.

Fig. 7 (a) Low magnification SEM rnicrograph of zone 1 of the precursor film from the Au-

Ni-Ti sessile drop on Thermo-SpanTMalloy. (b) High magnification SEM micrograph of a

reduced area flom (a). (c) Nickel X-ray dot map of the precursor film surface shown in

(b). (d) Gold X-ray dot map of the film area in (b).

Fig. 8 (a) Low magnification SEM rnicrograph of the zone 2 precursor film of the Au-Ni-Ti

sessile drop on the Thermo-SpanTMalloy. (b) High magnification SEM micrograph of a

reduced area from (a). (c) Nickel X-ray dot map of the precursor film surface shown in (b).

(d) Gold X-ray dot map of the film area in (b).

Fig, 9 (a) SEM micrograph of the as-fabricated, Cu-Ag-Ti/Themo-Span TMjoint. (b)

Representative electron microprobe analysis (EMPA) trace across the interface between the

Thermo-SpanTMbase metal and the Cu-Ag-Ti ftier metal in the as-fabricated condition.

Fig. 10 (a) SEM micrograph and (b) representative EMPA trace across the interface

between the InconeTM718base alloy and the Cu-Ag-Ti braze alloy in the as-fabricated

condition.

Fig. 11 Bar graph showing the four-point bend strengths of the as-fabricated metal-to-metal

and braze joints for all filler metalhse alloy combinations. The length of the bars equal the

data mean; the individual test values are included within each bar graphic.
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Fig. 12 (a) Low magnification and (b) high magnification scanning electron micrographs

representative of the fracture surface of the Thermo-Span~ test samples made with the Cu-

Ag-Ti filler metal representing the as-fabricated condition.

Fig. 13 Optical micrographs of cross sections of (a) the Thermo-Spanw and (b) the 347

stainless steel, four-point bend samples made with the Au-Ni-Ti braze alloy. The Thermo-

SpanTMsample was etched in a HzO/HCl/HNO~/CrO~solution. The 347 stainless steel

sample was etched in Villela’s solution followed by a FeCIAsolution.

Fig. 14Representative EMPA trace of the interface region formed between Au-Ni-Ti ffler

metal and Thermo-SpanT’Mbase alloy in the as-fabricated condition.

Fig. 15Representative EMPA trace of the interface region formed between Au-Ni-Ti filer

metal and Type 347 stainless steel base alloy in the as-fabricated condition.

Fig. 16 (a) Low magnification and (b) higher magnification scanning electron rnicrographs

of the fracture surfaces of the Thermo-SpanTMtest samples made with the Au-Ni-Ti filler

metal in the as-fabricated condition.

Fig. 17 (a) Low magnification and (b) higher magnification scanning electron rnicrographs

of the fracture surfaces of the Type 347 stainless steel test samples made with the Au-Ni-Ti

filler metal in the as-fabricated condition.

Fig. 18 Representative EMPA traces of the Thermo-Span~/Cu-Ag-Ti braze joints after

aging at 575°C for 300 days.

Fig. 19 Optical rnicrographs of cross sections of the Inconel~7 18/Cu-Ag-Ti braze joints

following aging for 200 days at temperatures ofi (a) 150”C, (b) 350”C, and (c) 575”C.

Fig. 20 EMPA traces for theInconelTM718/Cu-Ag-Ti braze joints (a) after aging at 150”C

for 300 days and (b) after aging at 575°C for 300 days.

Fig. 21 (a) Bar chart of mean strength values for the Thermo-SpanWCu-Ag-Ti braze joint

samples that had been solid-state aged. (b) Bar chart of mean strength values for the

InconelTM718/Cu-Ag-Tibraze joint samples that had been solid-state aged.
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Fig. 22 SEM micrographs of the fracture surfaces of Thermo-SpanTWCu-Ag-Ti bend bars

that had been aged under the conditions of (a) 350°C, 100 days and (b) 575”C, 200 days.

Fig. 23 Optical rnicrograph of the fracture path in a Thermo-Spanm/Cu-Ag-Ti bend bar that

had been aged at 575°C for 200 days.

Fig. 24 (a) Low magnification, optical micrographs of the braze joint between the Therrno-

SpanTMalloy and the Au-Ni-Ti filler metal after aging at 700”C for 437 days. (b) High

magnification, optical rnicrograph of the reaction zone formed between the base alloy and

ftier metal after aging+

Fig. 25 Electron microprobe analysis trace across the reaction zone formed between

Therrno-SpanTMbase alloy and the Au-Ni-Ti filler metal after aging at 700”C for 437 days.

Fig. 26 Optical rnicrograph (differential interference contrast) taken of the Type 347

stainless steel/Au-Ni-Ti sample aged at 225°C for 300 days.

Fig. 27 Electron microprobe analysis trace across the Type 347 stainless steel/Au-Ni-Ti

braze joint that had been aged at 225°C for 87 days.

Fig. 28 Optical micrograph (differential interference contrast) taken of the Type 347

stainless steel/Au-Ni-Ti sample aged at 700”C for 437 days.

Fig. 29 Electron microprobe analysis trace across the Type 347 stainless steeI/Au-Ni-Ti

braze joint that had been aged at 700”C for 437 days.

Fig. 30 Bar chart showing the four-point bend strength of the Thermo-SpanTM/Au-Ni-Ti

braze joints following solid-state aging.

Fig. 31 SEM photographs of the fracture surfaces of Thermo-SpanWAu-Ni-Ti, four-point

bend braze joints tested (a) in the as-fabricated condition and (b) following aging at 700”C

for 200 days. (The as-fabricated case in (a) also represents the morphologies observed

after aging at 460”C.)

Fig. 32 Bar chart showing the four-point bend strength of the Type 347 stainless steel/Au-

Ni-Ti braze joints following solid-state aging.
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Tables

Table 1

Arithmetic Average Roughness (RA)
of the Metallic Test Samples with a 432 Finish
Surface Profilometry Data (Med. Scan Speed)

Test Material Condition RA (urn)

Thermo-Span~ Solution treated 0.19~0.02
Thermo-Spanw Solution treated 0.09f0.02

and aged

InconelTM718 As-received 0.12+0.03
InconelTM718 Solution treated 0.034+0.005

and aged

347 stain. st. As-received 0.03*0.O 1
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Table 2

Sessile Drop Contact Angle Data
Brazing Peak Temperature Analysis

(-&one standard deviation)

Contact Ande Values (0)
Substrate Material Cu-A~-Ti Au-Ni-Ti
Material Condition 830 850 1000 1033 1053

Therrno-Spanw Solution treated ---- ---- ---- ---- ----

Thermo-SpanTM Solution treated 3.6 4.2 5.7 0.5 0.3
and aged (0.2) (1.5)

InconelTM718

InconelTM718

As-received 3.4 3.0 ---- . 1.2 1.3

Solution treated ---- 4.6 7.7 ---- ----
and aged (1.1) (2.1)

347 stain. st. As-received 4.4 6.5 5.6 3.5 3.0
(4.0) (1.4)
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Table 3

Qualitative Assessment of Brazability
Of Cu-Ag-Ti Filler Metal on Alloy Substrates

As a Function of Brazing Time at 850”C

Alloy Substrate Materials
Brazing Time (rein) Thermo-suanTM InconelTM718 Type 347 S.S.

2 poor satisfactory poor (dewet.)

7 satisfactory excellent excellent

15 very good excellent excellent

30 exeellent excellent excellent

60 excellent - excellent excellent
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