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Synopsis 

  Diffusion welding is one of the most promising fabrication methods in 

the aircraft industry. It realizes the complex, hollow and near-net shape 

structures from stock plates instead of forging materials, and the metal-

lurgical properties of the base metals can be fully preserved in the diffusion 

welded joints. 

  Until now we have carried out research on the diffusion welding of aircraft 

titanium alloys and put it into practical use as a production technique. 

  This paper describes the results of the current application study on diffu-

sion welding of titanium alloys for aircraft parts.

I. Introduction 

 The application of titanium alloys to aircraft parts 
has been strongly promoted recently. It makes reduc-

tion of weight of aircraft structural parts and opera-
tional cost possible, but material and machining 

costs for titanium alloy are extremely high compared 
with that of aluminum alloy which is conventionally 

main material for aircraft. Moreover, the ratio of 
raw material weight to part weight of aircraft titanium 

alloys (Buy-fly ratio) reaches 8' 10 in normal cases, 
and in the extreme cases it reaches over 50. Accord-

ingly, to reduce manufacturing cost of aircraft titani-

um alloy parts, it is extremely important to get near-
net shape materials. Furthermore as titanium alloy 

is inferior in forgeability, sometimes it is difficult to 

get large materials due to forging press capacity. 
  Diffusion welding is considered to be one of the ef-
fective techniques to solve these problems. Diffusion 

welding forms joints by applying comparatively low 

pressure at the temperature lower than the melting 
point of parent metal by utilizing the diffusion phe-
nomenon on bonded surfaces elapsing through proc-

esses as shown in Photo. 1. 

 By changing from conventional machining of tita-
nium alloy forgings to laminated diffusion welding of 

stock plate material, it enables to realize the low cost 

near-net shape materials together with complex, hol-
low, lightened and high performance aircraft parts. 

  At present, research and practical use of this tech-

nique to aircraft titanium alloy parts are being pro-

moted energetically mainly in the United States of 
America.'-4) Also in Mitsubishi Heavy Industries, 

Nagoya Aircraft Works, research of diffusion welding 

technique has been continued from 1969,5-5) and pro-
motion of practical use was planned through the fol-

lowing four processes with taking trend of putting this 
technique into practical use in abroad. 

  (1) Stage of proving efficiency of diffusion weld-
ing technique by manufacturing aircraft titanium alloy 

parts for trial. 
  (2) Stage of establishing flight experience by ap-

plying titanium alloy diffusion welded parts to test 
aircraft. 

 (3) Stage of practical application of diffusion 
welding technique for research aircraft. 

  (4) Stage of establishing this technique as mass 

production technique and putting it into practical use 
for production aircrafts. 

  This report describes research results particularly for 

putting titanium alloy diffusion welding technique into 

practical use for aircraft parts after passing through 
the above four stages for the first time in Japan, and 
also shows evaluation results of the characteristics and 

structural integrity of aircraft titanium alloy diffusion 

welded parts.

II. Experimental 

 The material used in this test is titanium alloy (Ti-

6A1--4V) plates 5'40 mm in thickness. Its typical 

properties are shown in Table 1. 
  A retort type diffusion welding apparatus as shown 

in Fig. 1 was used. Titanium alloy plates to be diffu-

sion welded are enclosed in a retort (container made 

of stainless steel sheet) together with welding jig, and 
after evacuating inside of retort, they are heated to 

the diffusion welding temperature by heater contained 
in pressurizing ceramic plates. Pressure is applied 

during welding after reaching the welding tempera-

xity

Photo. 1. Diffusion welding process.
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ture. 
  The welding conditions such as temperature, pres-

sure, time and degree of vacuum atmosphere were 
chosen as 900 °C, 0.3 kgff mm2, 2 Hrs and 10_3 Pa re-

spectively, and partial correction was added to these 

welding conditions depending on shape and size of the 
materials to be welded as occasion called.

III. Results and Discussion 

1. Trial Manufacturing Test for Aircraft Model Parts 

 Before applying diffusion welded titanium alloy 

parts to aircraft, trial manufacturing test for model 
parts was performed in order to embody the effect of 
applying this technique and to confirm whether they 

have proper strength characteristics for aircraft. 
  Some examples of the test results for the plural parts 

selected as object are shown in the following as to 
helicopter rotor hub model and aircraft engine mount 

fitting. 
  A scale model was used as helicopter rotor hub. 

The thickness of titanium alloy plate used was ap-

proximately 5 mm. At first, the plate was cut out to 
the profile, laminated diffusion welded and then ma-

chined to the shape of the objective parts in accord-
ance with the procedure shown in Photo. 2. In the 

middle of diffusion welding, the model part was bored 
for hollowing as shown in Photo. 3 in order to ex-

ternalize lightened structure. 
  Buy-fly ratio was lowered to approximately 2 com-

pared with that of the part made of conventional for-

ging material of approximately 10. Hollow structure

made a reduction of weight of about 20 % possible, 
and moreover it enabled a kind of fail-safe structure, 

for example by enclosing the pressurized gas in the 
hollow portion, cracks being detected by the fall of 

the gas pressure. Microstructure and strength prop-

erties of the diffusion welded joints showed no defects 
and the same strength as base material. 

  On the other hand, as to aircraft engine mount fit-
ting, two different shaped plates were cut out from 

titanium alloy plates approximately 10 mm in thick-
ness, laminated diffusion welded and then machined 

to the objective part in accordance with the procedure 
shown in Photo. 4. 

  The part showed sound metallurgical strength prop-

erties, and Buy-fly ratio was estimated to be lowered 
approximately by half compared with that of forged 

material. 

2. Application Test to Experimental Aircraft 

  Prior to the wide use of titanium alloy diffusion 

welding technique, the test of application for experi-

mental aircraft described in the following was per-
formed for the purpose of establishing flight experience 

of the diffusion welded part. 
  The objective part was guide fitting which was in-

stalled on the experimental CFRP nose landing gear 
door of JASDF (Japan Air Self-Defense Force) T-2 

supersonic trainer. The appearance of the part man-
ufactured by diffusion welding is shown in Photo. 5. 

After the quality was confirmed by nondestructive in-

spection, the part was submitted to the functional 
and endurance test, and then installed to T-2 trainer 

as shown in Photo. 6. 
  The flight test had been performed for 2.5 years 

since 1978, and the test was finished as planned without 

problem. As a result, the flight experience of diffu-
sion welded titanium alloy part was established and 
the practical usability of this technique was proved. 

3. Application Test to Research Aircraft 

  In the prior section, the test results for establishing 
flight experience by applying a titanium alloy diffu-

sion welded part to experimental aircraft were de-

scribed. Here proceeding by one step, test result for 

putting this technique into practical use for research 
aircraft will be described in the following. 
  The objective part was vertical canard fitting of 

JASDF CCV (Control Configured Vehicle) research 
aircraft as shown in Photo. 7. The thickness of tita-
nium alloy plate used was approximately 40 mm, and 

it was diffusion welded in accordance with the proce-
dure shown in Photo. 8.

Table 1. Typ ical properties of material used.

Fig. 1. Retort type diffusion weld ]ng apparatus.
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Photo. 3. 

Hollow section.

Photo. 2. Diffusion welding procedure of helicopter rotor hub model.

Photo. 4. Diffusion weld ing procedure of aircraft engine mount fitting.

Photo. 5. Door guide of nose land ing gear.

Photo. 7. CCV research aircraft. Photo. 6. Door g uide of nose land ing gear on T-2 trainer.
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 By adopting the diffusion welding, hollow lightened 
structure was realized. However it was impossible to 

remove the discontinuity such as mismatch and in-
complete bond at the end portion of the joint in the 

side of the hollow inner face by machining after the 
second diffusion welding. So it was intended to con-

firm the effect of existence of these discontinuities by 
the fatigue test for a channel test piece having diffu-

sion welded joint in shear web face which simulated 
actual part shape as shown in Photo. 9, where the

length of incomplete bond and mismatch were sup-

posed as 2.0 mm and 1.0 mm, respectively. In the 
test result, shear fatigue strength value showed 
36.6 kgf/mm2 in 105 cycles (fatigue test was performed 

with the stress ratio of R=0.1), and it was accepted as 
satisfactory enough on use. By the way, the length 

of incomplete bond and mismatch were 0.8 mm and 
0.3 mm, respectively as the result of confirmation by 

the cut out test piece from the diffusion welded verti-

cal canard fitting, which were much smaller than sup-

posed for the fatigue test mentioned above. 
  After diffusion welding, beams were connected by 
electron beam welding and CFRP canard wings were 

bonded together, and then the vertical canard wing 
was completed. Some of completed plural canard 

wings were submitted to static and fatigue tests prior 
to installing to CCV research aircraft, and in both re-

sults, they satisfied the required values in designing 

enough, nothing was wrong in the diffusion welded 

portion and they were sound and normal completely. 
CCV research aircraft succeeded in the first flight 
safely in August, 1983. 

4. Application Test to Production Aircrafts 

  In this section, the result of putting the diffusion 

welding technique of titanium alloy into practical use 
for production aircraft by spreading this technique 
from research stage to production stage will be de-

scribed. In this stage, it is necessary to produce many 

parts by many workers through a long time, so stabili-
ty in process comes into problems particularly. 

  Here, objects were plural titanium alloy parts for 

JASDF F- l 5J fighter shown in Fig. 2, and titanium

Photo. 8. Diffusion weldin g procedure of vertical canard fitting.

Photo. 9. Fatigue test method.

Fig. 2. Parts of F- 15J fabricated by diffusion weld ing.
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alloy plates approximately 13 mm in raw material 

thickness were used. Titanium alloy plates which 
were cut to the required shapes were laminated for 
the diffusion welding and finished to parts by machin-

ing. Appearance after diffusion welding and final 
machining of each objective part is shown in Photo. 

10. 
  Before mass production, trial parts were manufac-

tured for assuring the diffusion welding process and 
the strength and quality of each part were confirmed 

by destructive and nondestructive tests. The follow-
ing describes the representative results of the tests. 

  The typical results of ultrasonic, fluorescent pene-

trant inspection, microscopic and strength tests are

shown in Photo. 11 as to inner-ramp fitting and guide-

pin fitting. Ultrasonic inspection was performed af-
ter diffusion welding and before final machining, and 
fluorescent penetrant inspection was performed after 

chemically etching the machined surface about 10 p. 
Indications of defects shown in Photo. 12 which are 

recognized when defects such as microvoids exist in 

joints, were not found in any diffusion welded parts. 
In the result of microscopic test, no defects were found 
and metallurgical structures were normal sufficiently, 

and also in the results of each tensile strength, fatigue 

and impact test, high values were obtained and met 
the design requirements completely. 

  Basic concept in manufacturing process and quality

Photo. 10. Parts after diffusion weld ing and final mach fining.
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Photo. 11. Test results of quality and strength properties of diffusion welded joints.

Photo. 12. Void defects indication by ultrasonic and penetration inspection.
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assurance of mass products are as shown in Fig. 3. 

At first, after confirming whether received raw ma-

terial satisfies the engineering requirements, it is cut 

and machined. Machined titanium alloy plates to 

be diffusion welded are inspected for dimension, sur-

face roughness, parallelism and flatness. Chemically 

cleaned plates are stored in an inert gas purged con-

tainer, and before diffusion welding they are taken 

out from the container and tack welded to prevent 

misalignment. Titanium alloy plates and jig are then 

put into a retort and the upper cover of the retort is 
seal welded to keep vacuum atmosphere. Then they 

are set to the apparatus and inside of retort is evac-

uated. After that temperature is raised up to the

designated point and welding pressure is applied. 
During diffusion welding, temperature, pressure, time 
and degree of vacuum are confirmed to be within the 

regulated ranges. After diffusion welding, visual, di-

mensional and ultrasonic inspections are performed 
for all. Moreover, destructive tests are performed for 

dummy test pieces which were diffusion welded at the 
same time in each lot. Test items are microstructure, 

tensile strength, impact strength and verification of 
fractured surfaces. The reason why impact test is 

particularly included is that it is very sensitive to the 
existence of nonbonded microvoids as shown in Fig. 4. 

  Diffusion welded parts which were proved to be 

good in both of destructive and nondestructive tests 
are submitted to final machining, and after that they 

are checked by fluorescent penetrant inspection and 

dimensional test. 

  Cutting elimination allowance for incomplete bond 
near the edge of joint was set up to approximately 

5 mm with the detecting ability in ultrasonic inspec-
tion and stability of production in consideration. 

Even so average value of Buy-fly ratio was lowered 

to approximately 3 compared with approximately 8 
in the case of conventional machining of forged 
material. 

Iv. Concluding Remarks 

  The following shows summary of the research re-

suits: 

  (1) Application of diffusion welding to aircraft ti-
tanium alloy parts was proved to be extremely effec-
tive in decreasing Buy-fly ratio by realizing near-net 

shaped parts, and in manufacturing light and high 

performance parts by realizing hollow structures. 

  (2) Aircraft titanium alloy parts made by diffu-
sion welding were confirmed to have good strength 

and quality characteristics which are sufficient for air-
craft parts. 

  (3) Titanium alloy diffusion welding technique 
was put into practical use for aircraft for the first 
time in Japan through processes of applying it to test 
aircraft, research aircraft and production aircrafts.

Fig. 3. Manufacturing process and check items.

Fig. 4. 

Bond ratio an d strength characteristics.
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