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Brazing as a technique for joining metal parts has been utilized for 

centuries. Industry, however, has only begun to use it on a wide scale 

in the last twenty years. The rapid growth of brazing has been a 

result of consumer and military demands Tor products of lighter weight, 

less expense, and higher performance. Today, brazing is one of the 

most widely used fabrication techniques in the production of liquid 

rockets, gas turbines, refrigerator and other types of heat exchangers, 

automobile parts, vacuum tubes, and many nuclear products, 

In general, brazing is a process in which joining is accomplished by 

melting a filler metal into closely fitted joints betw-een a number of 

metal parts. The term is further defined when the materials joined, 

equipment and/or atmosphere used, intended service temperatures, 

brazing alloys used, or other such details are given. The discussion 

in this paper is related to furnace brazing of liquid rocket thrust 

chambers. Although various furnace atmospheres, intended service 

temperatures, an2 brazing alloys will be discussed, their use as 

specific modifying conditions will be minimized, . 
I 

i Liquid rocket thrust chambers are of simple geometry, but are quite 
I 
i complex to braze. Although many types of construction have been 
I 

attempted, the tubular-k-alled, fuel-cooled regenerative construction 

is most utilized today. This type of chamber consists of a fuel and 

1 oxidizer injector, combustion zone, throat and bell expansion nozzle, 



The materials used to fabricate these thrust chambers include pure 

nickel, nickel alloys, stainless steel, precipitation-hardening steel, 

copper, and light metals. The brazing filler metals used include 

nickel, silver, gold, and copper-base alloys. Furnace atmospheres 

include inert and reactive gases. All material and process variables 

must be correctly chosen aqd carefully controlled because the relia- 

bility of a nearly perfect piece of hardware is required to ensure 

mission capability. 

This paper covers four of the many.categories into which the furnace 

brazing of liquid-rocket thrust chambers can be divided, These cate- 

gories are: (1) factors affecting the braze bond, (2) joint requirements, 

(3) brazing preparation process and equipment, and (4) resulting 

product. 

FACTORS AFFECTING TBE BRAZE BOND 

When considering the bond and resulting strength which is achieved in 

a brazed joint, the optimum conditions should be reviewed. The best 

condition, of course, would be the elimination of the joint. Because 

this is impossible, joining the parts with a filler metal equivalent 

in strength to the base metal should be considered. This can be accom- 

plished by several well-developed welding techniques but not by brazing. 

If, however, cost considerations, complexity of the part, or service 

requirements are amenable to a brazing process, the practical factors 

which determine the bond obtained in a brazed joint must be considered 

by the design engineer, 



The first consideration is braze joint geometry ( ~ i ~ .  1 ), which may 
be classified as a butt, overlap, or fillet type. For each type, joint 

clearance. is an extremely important factor. The clearances should vary 

with the base and filler metals being used to ensure ideal brazing 

conditions. Unfortunately, experimentation is generally necessary to 

determine the proper joint clearance for a particular base metal/f iller 

metal combination. However, basic studies of wetting reactions, 

brazing alloy/base metal interface reactions , and processing conditions 
have greatly increased understanding of this phase of the brazing 

process. 

A primary objective of brazing is obtaining a sound jo-int exclusive of 

voids or flus entrapment. This means that the brazing alloy must wet 

the base metal and flow into the joint. Ketting ability may be defined 

as the capacity of a molten brazing alloy to flow over a base metal 

surface while superficial elemental diffusion and alloying interactions 

are occurring. A diagram of the forces acting up on a molten droplet 

of brazing alloy, exclusive of gravity, is shown in Fig. 2. Thus, 

if y g-s > y 1-s+ y g-1 cos 8, conditions are favorable for good wetting: 
Conversely, if y g-s < y  1-s + y g-1 cos 9 ,  poor wetting will accur. 

The factors affecting this force system are the -brazing atmosphere, the 

cleanliness of the base metal, the compositions of the brazing alloy 

and base metal and their interdiffusion, the purity of the brazing 

alloy, the composition of the brazing alloy binder, and the brazing 

temperature. 

The brazing atmosphere has the primary function of protecting the 

brazing alloy and base metal from oxidation during the brazing cycle, 

Dry inert gas and hydrogen have been the most successful atmospheres . 







in thrust-chamber brazing. Other brazing and heat-treating atmospheres 

are usually unsatisfactory because of a high reactivity of elements in 

the base metals and brazing alloys. When a clean surface is produced 

or maintained, the surface tension of the solid surface, y g-s, is high, 

promoting good flow, If a clean surface is not maintained, the brazing 

alloy may react with the contaminating film, increasing the surface 

tension of the liquid brazing alloy, y g-1, and decreasing the surface 

tension of the solid surface, y g-s. Poor wetting ability will result, 

and in some cases the brazing alloy will actually contract into a- 

spherical shape after initially spreading over and reacting with the 

base metal surface film. 

Most oxides of the alloying elements in commercial base metals and 

- brazing alloys (except titanium and aluminum) can be reduced by dried 

hydrogen. The simple representation of the metal-toAetal oxide 

equilibria in hydrogen shown in Fig, 3 can be a valuable guide in furnace 

brazing. It shows readily how titanium and aluminum oxides can form 

during heating in a -60 F dew point hydrogen and cannot be reduced at a 

2100 F brazing temperature. It does not, however, show how chromium 

oxide could remain after a 2100 F brazing temperature or how dried 

argon (theoretically alh-ays oxidizing) can prove to be a more effective 

brazing atmosphere than dried hydrogen. As an example, in the case of 

chromium in stainless steel and using a brazing temperatare of 1900 F, 

a -60 F dew point hydrogen atmosphere would be oxidizing to the steel 

until- 1500 F is reached. The amount of oxide formed on the surface 

would be proportional to the time at any temperature and to the net 

oxidation rate at that temperature. Unless heating is rapid in the 

800 to 1400 F range, a heavy oxide will form. Though the atmosphere 

becomes reducing above 1500 F, sufficient time at any.temperature may 

not be allowed to reduce the oxide formed upon heating. 



lL 

L 

W 
a 
3 
'l- a 
a 
W 
a 
Z 
W 
I-; - 



At just above the 1500 F equilibria temperature, the rate of reduction 

is so slow that hours or ex-en days might be necessary to clean the sur- 

face. Even at a 1900 F brazing temperature, a finite time would be re- 

quired to reduce the oxide. In addition, the brazing alloy begins to 

melt below this brazing temperature and poor results can occur, In 

furnace brazing, the one-metal system doeb not exist. The addition of 

a second metal to the system makes the metal-to-metal oxide reactions 

more complex. If the second metal has an oxide which reduces at a 

lox-er temperature than chromium, the h>-drogen will have a momentary 

increase in dex- point (moisture content) and become more oxidizing to 

the chromium. a result, oxidation \$-ill be accelerated and the reduc- 

tion of chromium oxide x-ill be more difficult at higher temperatures. 

%en more serious problems result when the second metal (lower metal- 

to-metal oxide equilibria temperature) is in a cooler region of the 

furnace than the braze joint area and reduction of its oxides takes 

place when a good dex- point is required to provide maximum reduction in 

the joint area just below the melting temperature of the brazing filler. 

The ability of hydrogen to transfer oxides and to have accelerated 

oxidation rates in relation to certain elements at lower temperatures 

has made it and other reactive atmospheres less effective than dried 

inert atmospheres in the furnace brazing of many base metals. An inert 

atmosphere is more readily dried and its purity maintained during 

handling and during its elevated temperature exposure to the part be- 

cause it cannot reduce existing oxides with resulting moisture pickup. 

The net result can be a cleaner joint at the brazing temperature. 

Another important factor which influences ability during brazing 

is the composition of the base metal and brazing alloy. These composi- 

tions determine not only an acceptable brazing atmosphere, but the base 

metal/brazing alloy interactions which occur during the brazing operation. 



The definition of -k-etting ability includes superficial elemental dif- 

fusion and alloying between the brazing alloy and base metal. If no 

alloying occurs, the interfacial tension between the liquid brazing 

alloy and solid base metal, y l-s, is high, causing poor wetting. Lead, 

for example, has practically no solubility in iron, even when both 

metals are liquids. Consequently, lead does not wet iron. If the 

brazing alloy contains elements which are reactive, excessive alloying 

with the base metal may occur. The fluidity of the brazing alloy will 

also decrease by interdiffusion k-ith base metal elements, which in- 

creases its flow temperature. In extreme cases, gross erosion of the 

base netal may occur which negates the entire brazing operation. The 

ideal brazing system, therefore, is one in -k%ich limited alloying occurs 

between the brazing alloy and base metal. 

The effect of brazing temperature upon wetting ability must be-con- 

sidered in terms of heating rate as well as in terms of actual brazing 

temperature, In general, with the exception of pure or eutectic alloys, 

brazing alloys melt over a temperature range. If the heating rate is 

slow, liquation occurs, during %%ich loxwnelting phases of the 

brazing alloy melt and flow out. These low-melting phases are gener- 

ally most reactive with the base metal and wet it well. However, the 

flow temperature of the remainder of the brazing alloy, having now 

been increased, necessitates a higher brazing temperature. The heating 

rate in the melting range should be high enough to avoid excessive 

liquation, thus promoting adequate wetting ability and flow at the 

minimum brazing temperature. 

The actual brazing temperature and its effect on wetting ability are 

subject to some popular misconceptions. One such misconception is the 
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thought tha t  the brazing temperature must be increased to  increase the 

wetting a b i l i t y  of the brazing alloy. In  rea l i ty ,  increasing the braz- 

ing temperature generally w i l l  reduce wetting a b i l i t y  because of the 

increased reac t iv i ty  of the brazing al loy w i t h  the base metal, The 

in te r fac ia l  surface tension, y 1-s, is therefore increased, offset t ing 

any decrease i n  the l iquid brazing al loy surface tension. Raising 

the brazing temperature would be beneficial i n  only a few cases where 

the l iquid brazing al loy does not react  excessively a t  the superheated 

brazing temperature, 

I f  the interdependent variables controlling wetting abi l i+y have been 

adequately regulated, a soundly brazed joint  should resul t .  Consider- 

a t ion must then be given to +he strength and oxidation resistance of 

the resul t ing joint  under service conditions. I n  addition, the e f fec t  

of the brazing cycle up on the mechanical properties of the base metal 

should be determined. 

The strength of a brazed joint  i s  determined principally by joint 

design and by the inherent strength of the brazing alloy and base 

metal. Many authors have reported the effect  of the amount of overlap 

on the tensile/shear strength of simple lap  joints. It was noted tha t  

as the shear area becomes smaller, the indicated shear strength in- 

creases. This effect  i s  caused by the bending moment which i s  present 

in t e s t s  of t h i s  type. Bending stresses applied to  the th in  base 

metal members cause the j o i n t  plane to  ro ta te  so %hat the loading 

axis i s  no longer paral le l  t o  the joint. This type of t e s t  i s  influ- 

enced by the base metal strength, base metal thickness, joint  overlap, 



strength of the brazing alloy, and duc t i l i t y  of both the base metal and 

brazing alloy. As a resu l t ,  the single overlap has l i t t l e  value except 

to  compare almost equal combinations, 

Other standard mechanical t e s t s ,  though less  sensit ive t o  some of the 

material and t e s t  conditions, s t i l l  provide mainly comparative data 

and are of l i t t l e  value i n  design. Figure 4 gives the re la t ive jo in t  

strengths of various chamber brazing alloys using the Miller-Peaslee 

single lap shear specimen. Theoretical calculations, past  experience, 

simulated hardware testing,  and.large safety factors s t i l l  remain the 

best  design tools for  brazed joint  strength, 

In addition to  joint  strength, jo int  in tegr i ty  is very important i n  the 

brazing of liquid-rocket engine thrust  chambers. Two conditions must 

be met: suitable heat transfer between joined members, and the r i g id i ty  
/- 

always required of pressurized chambers. Such service fa i lu res  as  

tube buckling, ho-t spots, chamber distort ion,  fuel  entrapment and 

l a t e r  explosion, and unstable combustion have a l l  resulted from strong 

but not  f u l l y  bonded brazed joints. 11aximum joint  coverage i s u s u a l l y  
. . 

the most important requirement for  th rus t  chambers, and required jo in t  
. . 

strength i s  eas i ly  obtainable. , 

The ef fec t s  of the brazing cycle up on the base metal properties and 

the interalloying with the brazing al loy must be considered. The 
. - 

e f f ec t  of the brazing cycle up on the tensi le  strength of four super- 

al loys is shown i n  Fig. 5 -  . No brazing al loy was presented i n  these 

experiments, so tha t  only the e f fec t  of the brazing cycle was deter- 

mined. The tens i le  strength of the superalloys a f t e r  simulated-brazing 

cycles was less  than normally heat-treated material. This loss  of 



TEST TEMPERATURE, PREMABRAZE 7 5 0  LITHOBRAZE 971 NlORO COAST 5 2  GE J- 8590 
F (75 Ag-20 Pd -5 Mn) (97 Ag - 3 L i  (82 Au-I8Ni) (91.2 Ni-1.4 Fe -2.9 0-4.5 Si) (60 Cu-28 Ni-I0 Mn-2Si) 

-320  46,900 25,030 81,460 48,400 60,030 

AMBIENT 34,700 22,130 60, I 6 0  38,620 53,900 

7 0 0  21,830 6,630 31,830 36,950 36,300 

1560 7,530 s i t  9,770 16,450 8,483 
L 

"*NO MEASURABLE LOAD BEFORE FAILURE. 
* 

BRAZING CYCLES WERE SELECTED TO REPRODUCE F-l THRUST CHAMBER FURNACE BRAZING CONblTIONS. 

NOTkS: I, ARGON ATMOSPHERE USED FOR ALL FURNACE BRAZING. 

2. JOINT GAP OF 0,002 IN. MAINTAINED ON ALL SPECIMENS, 

3. MATERIAL THICKNESS s 0.080 IN. 

4. SHEAR TEST SPECIMEN DESIGNED AS FOLLOWS: 
(SHADED AREA MACHINED AFTER BRAZING.) 

6.250 IN. TYPICAL 

Figure 4, Miller-Peaslee Data 
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mechanical strength can range from as little as 1 percent to as high 

as 50 percent for various other materials. 

The joint strength is also influenced by brazing alloy/base metal inter- , 

actions which occur during brazing and in subsequent service. When 

liquid brazing alloys contact the solid base metal, a diffusion couple 

exists because of the elemental concentration gradients between com- 

ponents of the system. The resultant structures will be dependent 

upon the relative reactivities of the elements in the brazing-alloy 

composition and upon the relative sizes of the atoms involved in the 

diffusion process. Several different diffusion reactions can occur 

during the brazing operation. In the first type of reaction, elements 

in the brazing alloy having relatively small atomic radii diffuse into 

the base metal along the grain boundaries. The interstitial elements, 

carbon and boron, will diffuse along the grain boundaries of nickel, 

iron, and cobalt-base alloys. Silicon, with a slightly larger atomic 

radius, diffuses along grain boundaries to a lesser extent, These 

diffusing elements either may form intermediate compounds with base 

metal elements or produce a solid solution by diffusing from the grain 

boundaries into the base metal lattice. In extreme cases of rapid 

grain-boundary diffusion, an "irrigation" er"fect may occur, Atoms 

of the brazing alloy migrate from the grain boundaries into the 

adjacent base metal structure where intermediate compounds form and 

coalesce. This behavior produces a "filling in" of the grain-bound- 

aries at some distance from the original joint interface, as in the 

upper partion of Fig 6 . 

A second type of alloying reaction consists of volume diffusion be- 

tween elements of the brazing alloy and base metal. This substitu- 

tional alloying occurs at a slower rate and generally involves all 





elements of the brazing alloy. The reaction generally occurs along 

the entire joint interface and results in the formation of complex 

solid solutions as shown in the lower portion of Fig. 6 or severe 
erosion as shown in Fig. 7 . Figure 8 shows a sound joint in which 
only very limited interalloying has occurred. 

The products of these interactions have a pronounced effect up on the 

strength of the resulting joint. Although moderate diffusion is 

desirable to produce a sound metallurgical bond erosion and brittle 

eutectics or intermediate compounds which form may severc.l>- eabrittle 

the base metal , reducing the joint serviceability. 

BEWZBTG PREPARATION PROCESS AM) EQUIPMENT 

The brazing process for liquid-rocket engine thrust chambers is 

extremely intricate. Cleanliness, delicate assembly and handling, 

proper sequencing, and constant inspection and quality control are 
? 

required. The placing of even the smallest prebrazing error in the 

furnace will produce a chamber which requires expensive and difficult 

repairs or may even result in the scrapping of a part that already 

has more than 75 percent of its cost built in. To avoid this problem, 

detailed preparation procedures and manufactu~ing checkoff books must 

be carefully followed as the chamber progresses through the shop, 

Prebraze preparation of the chamber occurs in two major steps: braze 

alloy placement and fixturing. Because three basically different types 

of joint are encountered (tube-to-tube, tube-tb-flat, and tube-to- 

header), more than one placement technique is usually used on a 







specific chamber. Preplaced fillets, preplaced foil, spray coatings, 

and wire preforms are some of the methods used. Tube-to-tube joints 

are usually prepared by preplaced fillets or sprayed coatings or by a 

combination of both (Pig. 9 and 10). Tube-to-flat joints as in the 

bands and the jacket, are usually prepared by preplacing brazing alloy 

sheet on the mating surfaces and providing wire or powder feeding 

reservoirs (IJig. 11). Tube-to-header joints are prepared with pre- 

placed fillets or braze alloy preforms ( ~ i ~ .  12). The amount of alloy 

placed is carefully controlled to avoid excess weight, alloying with 

the base metal, and waste of expensive brazing alloy. Fillet size, 

coating thickness, and placement location are predetermined and become - I 
manufacturing and inspection control items. 

Three methods of support fixturing are used either independently or 

in combination: (1) self-fixturing by tack welding, (2) internal 

mandrels, and (3) tooling rings and pressure bagging. 

When tack welding for support ( ~ i ~ .  13 ), the majority of the welds 
must be made between very-thin-walled tubes (as thin as 0.008 inch) 

and heavy bands (up to 1/8 inch thick). In addition, the tube and 

band alloys often have different thermal mef ficients of expansion, 

resulting in relative movement during subsequent furnace brazing, 

The Tungsten Inert Gas (TIG) welding equipment used is fitted with 

a special small torch to help limit the tack size. The filler metal 

used is weak and ductile in comparison with the tube material, so 

that yielding or failure will occur in the tacks rather than in the 

thin tube wall ( ~ i ~ .  14 ). Because the operation is tedious and 

costly, and because there is always a risk of tube-wall failures, 

the number of tacks used is usually reduced to a minimum by means of 

careful patterns or sequencing, 















Internal mandrels, tooling rings, and/or pressure bags are of ten used 

to provide support during the furnace-brazing cycle. In addition to 

providing support, they are usually designed to expand a controlled 

amount and to force the tubes against the external bands and jacket 

providing proper location and braze-joint control 

The furnace-brazing equipment used is for the most part standard in 

design. The thrust chamber is enclosed in a controlled-atmosphere 

retort which is heated by either an electric- or a gas-pok-ered furnace. 

At Rocketdyne, smaller thrust chambers are brazed in an electric- 

resistance-heated furnace (fig. 15 ). Larger thrust chambers are 

brazed in a gas-fired furnace of somewbat unique design and size 

(~ig. 16 1. The furnace is designed so that the two gas-f ired half 

shells can be moved ab-a,- from the retort after the brazing temperature 

is reached and two water-cooled half shells can be moved in from a 

go-degree axis, providing a rapid and controlled cooling cycle. 

The furnace-brazing cycles used vary with the brazing alloy d the 

materials used in the chambers, Very often heat treatment of the base 

materials is required during brazing, and will dictate the heating or 

cooling cycle to be used. Both the design and the control of currently 

used brazing cycles are not perfect. The product must be improved and 

its cost reduced. The earlier discussion of bonding and ahsphere/ 

temperature relationships should be sufficient to increase the interest 

of the engineer in many of the areas in which constant efforts are 

being made to determine the right combinaiion of brazing-cycle variables 

which will give optimum results. 



Figure 15. ~ 1 e e t r i s  hate 



Figure lb. Gas-Fired Furnace 



FESLITING PRODUCT 

The product is, of course, a soundly brazed thrust chamber.. Figure 

17 , 18 , 19 , 20, and 21 show four different chambers after brazing 

and in various stages processes of braze-bond inspection. 

Figure 17 shows a Tkmguard thrust chamber after brazing. This chiamber 

was brazed in a hydrogen atmosphere furnace using a copper-base brazing 

filler metal. -The major components are of 347 stainless steel. 

Figure 18 shows an Atlas thrust chamber after brazing. This chamber 

was brazed in a hydrogen atmosphere furnace using a silver-base braz- 

ing filler metal. The major components for this chamber are of both 

347 and 410 stainless steel. 

Figures 19 and 20 show two chambers during ultrasonic inspection of the 

tube-to-jacket joints. This method, in conjunction with X-ray,is 

used both as a process development tool and as a quality inspection 

method. 

Figure 21 shows the inspection of tube-to-tube joints to determine 

the areas in which brazing filler metal is to be preplaced for a 

second brazing cycle. Both hydrostatic and air pressure are also 

used to locate this type of tube-to-tube gap. 







Figure 19. Ultrasonic lhpsection 



Figure 20. Ultrasonic Inspection Results 





Chang, W.: "A Dew Point Temperature Diagram fo r  Metal-Metal Oxide 

Equil ibria in  Hydrogen .Atmospheres, l1 The llelding Journal, December 1946. 

Feduska, W. : "High-Temperature Brazing Alloy-Base Metal wett ing 

Reactions," The K e l d i n ~  Joarmal, March 1959. 

The General Enectric Company: "Yacuum-?ielted Brazing Alloys, " Form 

KO. I?!-109, Detroit ,  Yichigan, August 1960. 

Hoppin, G. S. and E. X. Bmberger : " E f e c t s  of Hydrogen Brazing on 

Properties of High-Temperature .Uloys," The Welding Journal, April 1959. 

Miller ,  F. M. and R. L. Peaslee: "Proposed Procedure fo r  Testing 

Shear Strength of Brazed Jo in t s ,  I' The Welding Journal, April 1958. 



PRODUCTS, !L73CRNO~Y, FACILITIES, 
SERVICES, CAPABILITIES 

R O C K E T D Y N E  

110 OaECT!rJ!i T9 PC??ICZTI3N ON GROUNDS 
OF MILITARY SECURITY 

13 2 9 JUL1963 
DIRECTGRHI t Ut atCbnr I I n ~ b ~ t *  (OASD-PA) 

DEPARTMENT OF DEFENSE 


	scan0001.tif
	scan0002.tif
	scan0003.tif
	scan0004.tif
	scan0005.tif
	scan0006.tif
	scan0007.tif
	scan0008.tif
	scan0009.tif
	scan0010.tif
	scan0011.tif
	scan0012.tif
	scan0013.tif
	scan0014.tif
	scan0015.tif
	scan0016.tif
	scan0017.tif
	scan0018.tif
	scan0019.tif
	scan0020.tif
	scan0021.tif
	scan0022.tif
	scan0023.tif
	scan0024.tif
	scan0025.tif
	scan0026.tif
	scan0027.tif
	scan0028.tif
	scan0029.tif
	scan0030.tif
	scan0031.tif
	scan0032.tif
	scan0033.tif
	scan0034.tif
	scan0035.tif
	scan0036.tif
	scan0037.tif

