
Furnace brazing type 304 stainless steel to vanadium alloy
(V±5Cr±5Ti)

R.V. Steward a,*, M.L. Grossbeck b, B.A. Chin a, H.A. Aglan c, Y. Gan c

a Auburn University Materials Research Center, 201 Ross Hall, Auburn, AL 36849, USA
b Oak Ridge National Laboratory, Oak Ridge, TN, USA

c Tuskegee University, Tuskegee, AL, USA

Abstract

In this investigation, pure copper was joined to type 304 stainless steel and V±5Cr±5Ti by brazing in a high vacuum

furnace. Microstructural changes in the brazed region and surrounding substrates were examined as a function of

holding time at temperatures of 20°C, 40°C and 60°C above the melting point of copper. Reaction layers, which were

extremely brittle, formed between the Cu and V±5Cr±5Ti substrates. The formation of intermetallic phases at the ®ller

metal/substrate interfaces was evaluated. Additionally, precipitates (FeCu2 and FeCu18) formed in the Cu rich ®ller

region. For temperatures P60°C above the melting point of Cu, extensive transverse cracking was observed. Hardness

tests substantiated the hypothesis that the Cu/V±5Cr±5Ti reaction layer was extremely brittle, since micro-cracks

propagated from the tips of the diamond-shaped indentations. Results of mechanical properties tests of the brazed

material are also presented. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Vanadium-based alloys in the range of V±(3±6)Cr±

(3±6)Ti are candidates for fusion reactor materials in the

®rst wall and blanket assemblies [1±3]. Low-activation

and neutron absorption are intrinsic characteristics of

these alloys. The V-based alloys possess excellent me-

chanical properties, e.g. tensile strength and ductility, at

elevated temperatures, have high thermal conductivity,

and they are corrosion resistant in the anticipated liquid

alkali metal environments [4±6]. Consequently, vanadi-

um alloys are considered excellent materials for fusion

reactor applications.

Producing components for fusion reactor applica-

tions mandates employing some type of joining tech-

nique for dissimilar metals such as welding or brazing.

Of the aforementioned, brazing is the most feasible be-

cause it involves melting of the ®ller material only, thus

eliminating problems that occur when dissimilar metals

are fused. To avoid the intrusion of detrimental impu-

rities such as oxygen, it is mandatory that vanadium-

based alloys are joined in an inert environment.

Dissimilar metal joints of V alloy to stainless steel are

anticipated, and copper has been identi®ed as an initial

®ller material because it provides good chemical com-

patibility in fusion reaction applications and it is inex-

pensive.

In this paper, preliminary wetting conditions are

determined for pure Cu on type 304 stainless steel (SS)

and V±5Cr±5Ti substrates. V±5Cr±5Ti is joined to type

304 stainless steel by means of a ®ller metal, pure copper

(99.98%), in a high-vacuum furnace (10ÿ4±10ÿ5 Pa).

Data evaluating the integrity of the resulting braze joints

are presented.

2. Experimental procedure

V±5Cr±5Ti and type 304 stainless steel were supplied

in plate form (Wah Chang heat 832394). Both parent

materials were machined by electric discharge machining

(EDM). After mechanical preparation, the specimens

were ground to a 600-grit ®nish and degreased with
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methanol. Following material preparation, rudimentary

characterization was performed on the as-received base

materials. An etchant consisting of 20% HNO3 + 20%

HF + 60% H2 O was used to reveal the microstructure

of V±5Cr±5Ti. Nital (98% ethanol + 2% HCl) was used

to reveal the microstructure of the austenitic stainless

steel. The average ASTM grain size numbers for the

V±5Cr±5Ti along the longitudinal and transverse

directions were 8.0 and 6.0, respectively. For stainless

steel, the ASTM grain size numbers were 8.0 and 7.0,

respectively.

Copper shot, 3 mm in diameter, was used in the

wetting experiments. To obtain a clean surface, the Cu

was degreased in an aqueous solution of 50% HCl for

5 min. The wetting experiments were conducted in an

ultra-high vacuum chamber, heated by an induction

generator. An optical pyrometer was used to measure

the temperature of the Cu shot. On the verge of melting,

the emissivity was adjusted to read wavelength energies

comparable with those expected [7,8]. The properly

calibrated emissivity value was used to determine the

temperature. At various times, frames were captured

using a Canon AE-8 video recorder. From the frames,

hard copies were produced to calculate the receding

wetting angles.

A JEOL 733 Super probe with energy dispersive

spectrum (EDS) and wave dispersive spectrum (WDS)

capabilities was used to view the microstructure at

higher resolutions and to perform qualitative analysis. A

beam energy of 20 keV and a beam current of 18.50 nA

was employed.

Hardness values were obtained for the joints using a

Micromet 2001 Microhardness tester. The hardness

values were measured using a VickerÕs hardness (HV)

scale with a 100 g load. Static tensile tests were per-

formed using a materials testing system MTS 810

equipped with a 22 kip load cell and two type 647.10A-

01 hydraulic wedge grips. The extension velocity was

2:54� 10ÿ5 m/s and the gage length was 20 mm, re-

sulting in a strain rate of 0.0013/s. All the tests were

conducted at ambient temperature.

Brazing was performed in a horizontal tube furnace

with a maximum temperature rating of 1700°C. The

joint assembly was brazed according to a prescribed

brazing matrix. The brazing temperatures were chosen

in 20°C increments above the ®ller metalÕs melting

temperature. Brazing was conducted at 1100°C, 1120°C

and 1140°C. After rapidly heating the furnace to

500°C, the heating rate to reach the braze temperature

was 10°C/min. A constant holding time of 300 s was

used in each experiment. Upon reaching the brazing

temperature and holding for the time allotted, the

specimens were cooled 10°C/min until the furnace

temperature reached 500°C. Afterwards, the speci-

mens were allowed to cool to room temperature in the

vacuum.

3. Results

After heating to approximately 10°C above the

melting temperature of Cu and holding for a short span,

Cu exhibited a receding angle of 61° on the V±5Cr±5Ti

substrate. Most of the angle contour was attributed to

dominating adhesive forces which cause the Cu bead to

spread. Conversely, a receding angle of 43° was mea-

sured for Cu/304 stainless steel. Unlike the wetting be-

havior of Cu/V±5Cr±5Ti, the ®nal angle observed was a

result of Cu penetration (interaction with the 304

stainless steel surface) as opposed to spreading. Thus,

chemical equilibrium was not maintained. Overall, pure

copper exhibited good wetting angles on both sub-

strates. Fig. 1 shows the wetting bead for Cu on type 304

stainless steel.

After brazing, an acceptable braze joint (Fig. 2) was

cross-sectioned and mounted for optical and electron

microscopy evaluation. Optical micrographs are shown

in Fig. 3 for specimens held for 300 s at 1120°C and

Fig. 1. Cu wetting type 304 stainless steel.

Fig. 2. Completed braze joint of V±5Cr±5Ti (top) and type 304

stainless steel (bottom) using pure Cu braze material.
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1140°C. After holding for 300 s at 1120°C and cooling,

reaction layers formed at the parent interfaces. Within

the bulk brazing metal, second phase precipitates

formed (Fig. 3(a)). Increasing the braze temperature to

1140°C promoted the growth of these precipitates and

the reaction zones (Fig. 3(b)). Micro-hardness mea-

surements taken for each sample at room temperature

were made along the transverse direction of the joint and

averaged. Joint evaluation using microscopy and me-

chanical testing are discussed under the following sub-

headings.

3.1. Optical and electron microscopy evaluation

The reaction layer extends approximately 50 lm into

the stainless steel substrate. In this region, Cu appears to

have penetrated the grain boundaries and concentra-

tions of 0±2.6 wt% were found in the Fe-rich substrate.

At 40°C above the melting point of copper, penetration

of Cu into the grain boundaries was more extensive.

However, variation of the Cu concentration within the

substrate was negligible. According to the binary Cu±Fe

phase diagram [9], Cu is miscible in Fe up to approxi-

mately 3.5 wt% at temperatures of 1120°C and 1140°C.

For this reason, small concentrations of Cu in Fe are not

uncommon.

The bulk copper ®ller metal was no longer homoge-

nous. Second phase precipitates proliferated throughout

the ®ller metal region. The darker precipitates were

mostly FeCu2 and the lighter precipitates were pre-

dominantly FeCu18 as determined by WDS.

In this study, Fe migrated across the Cu-rich ®ller

material and into the V reaction layer. For temperatures

Fig. 3. (a) Cross Section through a braze joint of type 304 stainless steel Cu±(V±5Cr±5Ti) brazed at 1120°C. (b) Cross section through

a braze joint of type 304 stainless steel Cu±(V±5Cr±5Ti) brazed at 1140°C.

Fig. 4. High Fe concentration adjacent to Cu/V±5Cr±5Ti layer

in a braze joint of (V±5Cr±5Ti)±Cu 304SS.

Fig. 5. Fe compositional pro®le of the braze zone a measured

by wave dispersive analysis.
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between 800°C and 1200°C, the binary Fe±V phase di-

agram [9] manifests the formation of an extremely brittle

r-phase for concentrations ranging from 30 to 65 wt%.

Moderate concentrations of Fe atoms in the Cu/V±5Cr±

5Ti reaction layer produced severe lattice strain which

induced high stresses in the reaction layer. A region of

high Fe concentration also formed in a thin layer less

than 2 lm at the Cu/V±5Cr±5Ti interface, as shown in

Fig. 4. Fig. 5 shows a compositional pro®le of Fe atoms

in the braze. Such behavior may have developed from

the rejection of Fe atoms from the Cu/V±5Cr±5Ti layer

during solidi®cation. As a result, an extremely brittle r
phase (FeCr3) developed in the Cu/V±5Cr±5Ti reaction

layer. Wave dispersive spectroscopy revealed the for-

mation of FeCr3 in the thin layer at the Cu/V±5Cr±5Ti

interface.

3.2. Mechanical properties

High hardness values were recorded for the braze, as

shown in Fig. 6. In addition, micro-cracks were observed

at the indentation corners while obtaining micro-hard-

ness data at the Cu/V±5Cr±5Ti interface, which support

the hypothesis that FeCr3 formed in this layer. The ul-

timate tensile strength observed for the braze was 85

Mpa, and the total elongation was 0.17%. This poor

ductility compared to the ductility (8%) of 304 stainless

steel [10] plus residual stresses in the interlayer may be

the reason for failure initiation at this site. The fracture

morphologies are shown in Fig. 7.

4. Conclusions

Copper possesses good wetting characteristics on 304

stainless steel and V±5Cr±5Ti. At temperatures above

the melting point of pure Cu and less than 1120°C,

suitable brazes may be accomplished if the formation of

FeCr3 r-phase can be suppressed. At 1120°C and

higher, FeCr3, r-phase, forms which causes severe

embrittlement in the Cu/V±5Cr±Ti region. Consequent-

ly, the formation of micro-cracks leads to premature

failure of the joint, which results in low strength and

poor ductility.
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