
Diffusion Welding of Beryllium: 

Part I—Basic Studies 

BY T. J . BOSWORTH 

The weldability of beryllium is influenced by BeO con
tent and thickness, and for each combination of parts be
ing welded there is a minimum amount of deformation 
required to cause welding 

ABSTRACT. In this, the first of a two 
part series, the author discusses 
studies carried out under Air Force 
contract F33615-69-C-1622 to de
velop a diffusion welding process that 
would yield lap joints w i th usable 
properties at temperatures up to 800 
F. This study was concerned wi th the 
development of basic welding param
eters including the t ime-temperature-
pressure-deformation relat ionships 
and the welding of sheet and plate of 
varying oxide contents. 

This study demonstrated that the 
weldabil i ty of beryll ium is influenced 
by the BeO content and thickness, 
and that for each of these combina
tions of parts being welded there was 
a minimum amount of deformation re
quired to cause welding. Welding 
conditions of 3 hr at 1500 psi pres
sure at 1400 to 1500 F produced 
welds which had shear strengths 
exceeding 90% of the base metal 
shear strength at both room tempera
ture and 800 F. 

In the second part of this series, the 
author discusses the role of the micro-
alloying elements on the welding 
process along w i th their influence on 
the strength and ductil ity of beryll ium 
sheet. 

T. J. BOSWORTH is with the Aerospace 
Group, The Boeing Company, Seattle, 
Washington. 

Partially based on unpublished paper pre
sented by T. J. Bosworth and D. Hauser, 
Battelle Memorial Institute, at the AWS 
National Fall Meeting held in Baltimore, 
Md., during Oct. 6-9, 1969. 

In t roduct ion 
The development of a beryll ium 

joining process that would yield joints 
having mechanical properties ap
proaching those of the base metal 
has been the goal of many re
searchers for a number of years. 
Whi le fusion joining is possible by 
either gas tungsten-arc welding 
(GTAW) or electron beam welding 
(EBW), the properties of the joint are, 
at best, marginal. The major difficulty 
is that, once the beryll ium has been 
melted, the fine grain structure of the 
base metal is destroyed and replaced 
by a britt le coarse grain cast structure. 

Because the properties of fusion 
welds have been unsatisfactory, braz
ing, braze welding, mechanica l 
fastening, and adhesive bonding are 
found to be the most common joining 
methods used; yet each method has 
its l imitations in terms of either 
weight, versatility, mechanical prop
erties, quality, or usable temperature 
range. 

Diffusion welding is a most prom
ising method for joining beryll ium. It 
offers potential advantages over each 
of the above joining methods, includ
ing joint strengths nearly equal to 
that of the base metal even at ele
vated temperatures. Fusion joining of 
beryll ium has been unsatisfactory be
cause of low joint strength and lack of 
ductility; brazing and adhesive bond
ing produce temperature l imited 
joints, and mechanical fastening is 
costly and increases weight. Wi th 
diffusion welding, distort ion is min
imized, and close dimensional control 
is possible. Addit ional potential ad

vantages of using diffusion welding of 
beryllium for structural applications 
are: 

1. Smooth, aerodynamic surfaces 
can be obtained. 

2. Weight reductions are possible 
by avoiding large over laps or 
reinforcements in the joint area. 

3. Local reinforcements or attach
ments can be diffusion welded rather 
than machined or chemically mil led. 

In 1969, the Air Force Materials 
Laboratory sponsored two programs 
simultaneously at The Boeing Com
pany and Battelle Memorial Institute1 

to develop procedures for diffusion 
welding beryll ium that would yield 
welds having strengths in excess of 
90% of the base metal over the 
temperature range of 70 to 800 F. 
Factors to be included in the in
vestigation were the BeO content and 
material thickness. These studies 
were concerned w i th determining the 
minimum time at t empera tu re , 
amount of deformation and the 
permissible welding temperature 
range. 

Whi le the program discussed here
in was concerned wi th the production 
of lap joints and the shear strength of 
welds, the program at Battelle pro
vided the base metal data for both 
programs and developed procedures 
for producing butt joints by diffusion 
welding and the tensile properties of 
the resultant welds. 

The data generated during these 
programs demonstrate the feasibility 
of diffusion welding beryll ium using 
procedures that could be adapted to 
production practices. 
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Table 1—Identification, Certified Chemical Analyses, and Certified Mechanical Properties of Beryllium Sheet and Plate 

Id 

Sheet 
no. 

1852B 
1612A2 
1907A 
1493B 

entificat 

Lot 
no. 

6678 
5567 
6958 
4812 

on 

Thickness 
i n . 

0.059 
0.125 
0.250 
0.062 

Be 
assay 
98.7 
99.0 
99.0 
98.4 

BeO 
0.97 
1.1 
0.88 
1.7 

Chemica 

Fe 
0.14 
0.18 
0.13 
0.10 

analysis 

Si 
0.04 
0.04 
0.03 
0.03 

wt-% 

Al 
0.07 
0.05 
0.07 
0.07 

a) 

Mg 
0.03 
0.05 
0.03 
0.02 

C 
0.11 
0.14 
0.11 
0.10 

Room 

UTS, 
L 

78.6 
74.8 
79.2 
87.7 

temperature mechanical propert 
ksi Y.S., ksi Elong. % 

T 
78.6 
71.4 
78.4 
87.0 

L 
58.1 
63.6 
53.5 
63.4 

T 
56.9 
64.5 
56.2 
64.1 

L 
18.0 

7.0 
20.0 
25.0 

e s M 

in 1 in. 
T 

21.0 
6.0 

25.5 
28.0 

(a) Any other metallic elements are less than 0,04 weight percent, 
(b) In respect to last rolling direction. L — Longitudinal;T — Transverse. Also: UTS — ultimate tensile strength; Y S. — yield strength; Elong —elongation. 

Test Mater ia ls 

The sheet and plate used for this 
program was purchased from the 
Brush Beryllium Company per their 
specifications SR-200-D (for 1/16 
and 1/8 in. thick sheet) and PR-200-
D (for the 1/4 in. thick plate). Perti
nent vendor data including chemical 
analysis and room temperature me
chanical properties data are given in 
Table 1. 

The reader is referred to the Bat
telle issued report (AFML-TR-70-143) 
for information on the evaluation of 
the base metal properties as influ
enced by the t ime at annealing 
temperature. A partial summary of 
this data is given in Fig. 1, which i l
lustrates the l imiting thermal ex
posure for maintaining a 10% max
imum loss of the room temperature 
yield strength of the as-received ma
terial for three of the sheets used for 
this program. A similar curve pre
pared by Battelle for the yield 
strength at 800 F showed that a 
slightly longer exposure at 1500 F (3 
hr compared to 2 hr) is the limit for a 
10% loss in yield strength, otherwise 
the curves are similar. 

In selecting a given t ime-tempera
ture combination for diffusion weld
ing beryll ium, one should also con
sider the temperature exposure that 
the material wi l l be subjected to dur
ing hot forming operations and add 
this to the diffusion welding t ime. The 
total t ime at temperature should not 
exceed the l imi tg iven in Fig. 1 . 

Preparat ion of 
Lap Jo int Spec imens 

The 1 in. square test specimens 
were prepared for welding by etching 
in a 40% HN0 3 - 5% HF solution at 
room temperature to remove a min
imum of 0.00075 to 0.001 in. from 
each surface, rinsed in hot water, air 
dried, then permitted to remain ex
posed to the shop atmosphere for 
about 45 min before being inserted 
into the vacuum chamber. 

Before closing the furnace cham
ber and placing it under vacuum (10"4 

to 10 5 torr), the parts were pre

loaded to the prescribed applied pres
sure. Except when the applied pres
sure equaled the welding pressure, 
the applied pressure/welding pres
sure combinat ions used w e r e : 
1 7 1 0 / 5 0 0 psi, 3 3 0 0 / 1 0 0 0 ps i , 
5 0 0 0 / 1 5 0 0 psi, 6 6 0 0 / 2 0 0 0 psi, and 
8 2 5 0 / 2 5 0 0 psi. The lapsed t ime be
tween cleaning and the start of heat
ing averaged about 75 min. During 
weld ing the t empera tu re was 
controlled to w i th in ± 10 F. 

E v a l u a t i o n o f Lap J o i n t s 

The welded lap specimens were cut 
in half parallel to the f inal rolling 
direction, one half was examined 
metallographically and the other half 
broken using a wedge peel test. Pri
mary considerations in the metal
lographic examination included grain 
size, joint quality, and evidence of 
cracking. 

Figure 2 illustrates the test fixture 
and schematically illustrates the 
wedge peel test, including simulated 
illustrations of the typical fracture 
paths observed in the broken speci
mens. The specimens were fractured 
wi th a single bevel wedge which forced 

the free side of the specimen to be 
"peeled" from the supported side. 
The test was accomplished in a ten
sile machine using a crosshead speed 
of 0.005 ipm. 

This test was used to determine the 
extent of welding and to provide a 
qualitative measure of the joint 
strength. When less than about 80% 
of the joint was welded, the load 
values obtained tended to reflect the 
area welded. On the other hand, if 
the welded area exceeded about 80% 
of the total joint area, the failure 
modes varied and were inconsistent. 
The extent of welding was deter
mined by measuring the area welded 
and expressing this as a percent of 
the total interface area. Accuracy of 
the area measurements is considered 
to be ±5%. 

There were three different ways 
that the fracture occurred in the speci
mens. These are graphically il
lustrated in Fig. 2 and described be
low: 

1. Joint Interface — This type of 
failure was most often observed in 
specimens wi th small welded areas, 
or those welded under low pressures 
or deformation levels. Intermittent 
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Fig. 1—Effect of annealing time and temperature on room-temperature yield 
strength of beryllium sheet used in the program 
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Fig. 2—Specifics of the wedge peel test 
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Fig. 3—Vacuum hot press used for diffu
sion welding. Top—overall view of vacuum 
hot press used for diffusion we/ding 
studies: Bottom—internal view of vacuum 
hot press 

welding was often observed in these 
specimens. The failure path did not 
deviate significantly from the original 
joint interface. 

2. Base Metal Parallel to the 
Weld — This type of failure appeared 
to be an intermediate manner of 
failure, having been observed in 
specimens whose welded area is 
from 40 to 95% of the total area. The 
failure path was similar to that occur
ring along the joint interface, except 
that the failure path was parallel to 
the original interface. Except at the 
edges, the original interface was not 
evident. 

3. Base Metal — This type of fa i l 
ure was most often observed in those 
specimens having relatively large 
weld areas and requiring the highest 
breaking loads. The failure path 
progresses immediately away from 
the joint interface at the edge of the 
welded area, into the base metal, and 
occasionally to the outer surface. 
Most often the failed surface on the 
support side of the specimen is con

vex, rising 0.015 to 0.020 in. from the 
original joint interface. 

The fracture surfaces of specimens 
that failed by the f i rst two modes 
tended to be of a more britt le nature, 
whereas those that failed by the lat
ter mode tend to be more fibrous in 
appearance. 

W e l d i n g E q u i p m e n t 

Lap joints were welded in the vac
uum hot press shown in Fig. 3 using 
resistance heated Inconel straps that 
wrap around the tooling blocks 
shown in Fig. 4. The straps are elec
trically and thermally insulated from 
the press assembly and electrically in
sulated from the tooling blocks. 

Test specimen deformation was 
controlled by adding or removing " U " 
shaped shims to the tooling block as
sembly. In practice, the load was fully 
applied to the specimen only, causing 
deformation of the part until the top 
plate came to rest upon the shims, 
causing an increase in area and a 

reduction in the load per unit area. 
The combined area of the tooling and 
the specimen was such that w i th an 
applied load of 5000 lb, the uniform 
pressure distribution was 1 500 psi. 

The retaining ring and punch set 
shown in Fig. 4 was used to restrain 
specimen deformation whi le main
taining a constant and uniform pres
sure throughout the entire welding 
cycle. In this application, the applied 
pressure and the welding pressure 
were essentially the same and no 
pressure decay due to creep was ex
perienced during welding. Retaining 
rings had inside dimensions of 1.010, 
1.020 and 1.030 in. on a side, and the 
beginning specimens were 1.000 in. 
square. 

The difference in pressure control, 
for the two types of tooling shown in 
Fig. 4 , is schematically il lustrated in 
Fig. 5. Because of the difference in 
the pressure profiles of the two meth
ods, the initial rate of deformation dif
fers by some unknown quantity that 
is related to the creep strength of the 
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Fig. 4—Experimental tooling used for diffusion welding 1 in. square specimens 
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Fig. 5—Pressure and deformation profiles 
produced with diffusion welding tooling 
shown in Fig. 4 

material, the applied force and the to
tal amount of deformation. 

Test Results 

A nine step program was con
ducted to develop the parameters for 
diffusion welding lap joints. These 
steps included: 

Objective 

1 — Determine a suitable holding 
t ime between c l ean ing and 
welding. 
2 — Preliminary screening of diffu
sion welding beginning at 1200 F 
to develop a 200 F temperature 
range for further study. 
3 — Refine welding parameters 
and reduce temperature range to 
100 F and determine the influence 
of time at temperature. 
4 — Determine the influence of de
formation on the welding param
eters. 
5 — Determine the influence of 
pressure on the w e l d i n g 
parameters. 
6 — Determine the shear strength 
of welds and compare w i th the 
base metal shear strength at room 
temperature and 800 F. 
7 — Determine the influence of 
thickness on the welding param
eters. 
8 — Determine the influence of 
the beryllium oxide content on the 
welding parameters. 
9 — Determine the influence of 
the mode of pressure applications 
on the welding parameters. 

The basic development work was con
ducted on specimens from sheet num
ber 1852B. 

First Step 

The first program step was con
ducted to determine a suitable hold 
t ime between cleaning and welding. 
For this series of tests, specimens 
were cleaned in a 40 HN03-5HF solu
t ion, dried, then held for t imes rang
ing from 15 min to 24 hr and then 
welded. Welding was accomplished 
for 3 hr at 1400 F. Deformation of 
specimens averaged about 7.5% 
under an applied pressure/welding 
pressure combination of 5 0 0 0 / 1 5 0 0 
psi. The specimens were fractured 
using the wedge peel test and, from 
the loads recorded, it was determined 
that a holding period of one to two hr 
would be satisfactory. 

Based on this data it was deter
mined that hold t imes of 1 to IV2 hr 
would be used for the rest of the pro
gram work. 

Second Step 

Preliminary screening tests were 
conducted to determine a suitable 
200 F temperature range over which 
parameter refinement could be con
ducted. The results indicate that a 
suitable temperature range would be 
1 300 to 1 500 F. Below 1 300 F a con
siderable increase in pressure would 
be required to obtain the desired joint 
deformation. This is shown by the 
fact that at 1 200 F the specimen was 

subjected to a full 5000 psi through
out the entire weld cycle. No tests 
were conducted above 1 500 F or be
yond 3 hra t 1500F. 

Third Step 

The third step of the program was 
conducted to determine the influence 
of time at temperature over the 1 350 
to 1500 F temperature range. 
Combining these results wi th those 
obtained from the second step, it was 
observed that at both 1 300 and 1 350 
F the results obtained for welding 
times of less than 6 hr tended to be 
marginal. Above 1400 F, it appeared 
that 3 to 4/2 hr would prove to be sat
isfactory, and at 1500 F good welds 
could be achieved in T/2 hr at 
temperature. 

The interface of samples welded at 
1300 and 1350 F for less than 6 hr 
and for 1 VS hr at 1400 and 1450 F 
was readily detectable during metallo
graphic exam ina t i on at X 1 0 0 
magnification. There was also some 
indication that recrystallization was 
occurring at 1 450 F and above. More
over, in many of the samples the 
grain structure at the joint interface 
was finer than the rest of the base 
metal. It appeared that recrystalliza
t ion may have begun, but grain 
growth or grain boundary migration 
across the joint interface could not be 
detected to any significant extent. 

From these data it was decided to 
investigate the temperature range of 
1350 to 1450 F during the fourth 
program step. 
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Fig. 6—Relationship of the percent area welded to the welding temperature 

Fourth Step 

The fourth program step was con
ducted to determine the influence of 
deformation on the welding param
eters over the temperature range 
1350 to 1450 F under the same ap
p l ied p r e s s u r e / w e l d pressure 
c o m b i n a t i o n p rev ious ly used 
(5000 /1500 psi). A summary of the 
data obtained in steps 2, 3 and 4 is 
given in Fig. 6 which illustrates the re
lationship of deformation and the 
area welded. When the amount of 
deformation was less than 5%, the 
area welded was less than 80% of the 
total joint area. 

In this series of tests, metal
lographic examination of some sam
ples revealed the presence of en
larged grains due to germinative 
grain growth — Fig. 7. Th is 
phenomenon was most apparent at 
deformation levels below 5% in sam
ples welded at 1450 F, although it did 
appear in one sample welded w i th 
about 3% deformation at 1400 F. The 
presence of the enlarged grains did 
not appear to be influenced by the 
t ime at temperature. 

Fifth Step 

The last step taken in the pre
l iminary development of welding 
parameters was to determine the 
influence that pressure had on the 
basic weld parameters. Al l previous 
tests had been conducted under an 
applied p ressu re /we ld pressure 
combination of 5 0 0 0 / 1 5 0 0 psi. For 
these tes ts , c o m b i n a t i o n s of 
1 7 1 0 / 5 0 0 psi, 3 3 0 0 / 1 0 0 0 ps i , 
6 6 0 0 / 2 0 0 0 psi and 8 2 5 0 / 2 5 0 0 psi 
were used. 

The results indicated that lowering 
the applied pressure/welding pres
sure combination caused a reduction 
in the percent jo int area welded, 
largely because of an increase in the 
degree of "a l l igator ing" or edge 
separation experienced. Increasing 
the pressure combinations above 
5 0 0 0 / 1 5 0 0 psi failed to produce 
large welded areas at low deforma
t ion (below 5%) levels. Thus it ap
peared that no appreciable benefit 
could be gained from either an in
crease or decrease in pressure above 
the originally selected combination of 
5 0 0 0 / 1 500 psi. 

Fig. 7—Example of germinative grain 
growth occuring in specimen welded for 
4'A hr at 1450 F with 1.8% deformation. 
Polarized light. 0.5% Hf etch. X250 (re
duced 45% on reproduction) 

The data obtained in steps 2 
through 5 for 1350, 1400 and 1450 F 
exposures was plotted in Fig. 8 
through 13. From these figures, and 
from metallographic and visual ex
amination of specimens, three candi
date welding conditions were selected. 
These were: 
1 —Minimum Deformation: 5% 
2—Min imum Applied and Weld
ing Pressure Combination: 5 0 0 0 / 
1500 psi. 
3—Min imum Time at Tempera
ture: 1350 F — 6 hr; 1400 F — 3 
hr; 1450F — 3 hr. 

The fol lowing observations were 
made in determining the minimum 
welding parameters: 

1 — A reduction in the area welded 
was experienced when the amount of 
deformation was reduced below 5%, 
even when the appl ied pres
sure/weld ing pressure combination 
was increased to 8 2 5 0 / 2 5 0 0 psi. 

2 — A reduction in the area welded 
also was experienced when the ap
plied pressure/welding pressure 
combination was reduced below 
5 0 0 0 / 1 5 0 0 psi even when the 
amount of deformation approached 
0.0095 (about 8%). The lower pres
sures tended to produce more edge 
separation than higher pressures, a 
problem that may be overcome 
through proper tool design. 

3 — When the t ime at temperature 
was reduced below the minimums 
listed, a reduction in the weld area 
was generally experienced. 

4 — It is doubtful that 100% joint 
closure can be achieved wi thout 
containment of the material being 
welded. The reason is that as de
formation occurs, the joint interface 
opens at the edges or "al l igators," 
leaving an unwelded band about 
0.010 in. or more wide about the 
periphery of the interface. One can 
anticipate a maximum weld area 
equivalent to about 95% of the total 
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welded 

joint area, if the material is not con
tained. 

5 — Of the three t ime-temperature 
combinations, the most desirable 
combination appeared to be 1400 F 
for 3 hr, whi le 1450 F for 3 hr is the 
least desirable. Recrystallization and 
germinative grain growth have been 
experienced at low deformation 
levels (1 to 3%) at 1 450 F and in a pro
duction application this could be un
desirable or detrimental — Figs. 7 
and 14. The third cycle chosen ap
pears to be intermediate as far as 
weld quality is concerned. 

Sixth Step 

The sixth step of the development 
program involved verification of the 
selected welding parameters by com
paring base metal and weld joint 
shear strengths. For base metal 
shear data we used the specimen 
used by Fenn, et al2 in their investiga
tion of Lockalloy (Fig. 1 5) and for weld 
joint data, the specimen shown in 
Fig. 16. 

This configuration eliminates the 
influence of laminations and the 
sharp notch on the shear strength, 
however the high ductility of this ma
terial (as evident in Fig. 15) could 
influence the actual shear strength 
level. 

Both the base metal and welded 
joint shear strengths are given in Ta
ble 2. In addition to obtaining weld 
shear strengths on the 1/16 in. 
sheet, some shear data is also listed 
which was obtained on welded 1/4 
in. plate using a specimen similar to 
that which was used for gathering 
base metal data. These specimens 
were welded wi th the joint perpen
dicular to the plate thickness, so that 
the strength values would not be 
influenced by base metal laminations. 

The room tempe ra tu re w e l d 
strengths are considered to be invalid 
because of the aforementioned dif
ficulties wi th rotation of the test area. 
The one specimen tested at 800 F 
that was welded at 1 350 F did fail in 
the weld joint, and based on appear
ance of the joint, the strength listed 
appears to be valid. The specimens 
welded at 1400 and 1450 F broke 
partly in tension and partly in shear, 
hence the shear strengths should ac
tually be greater than those listed. 
The results obtained on the 1/4 in. 
thick plate bear out the results ob
tained in the seventh step in that 
welding at 1400 F was not practical 
for this gage, whereas welding at 
1 450 F was. 

The trend of results obtained for 
welding temperatures above 1400 F 
compare favorably wi th tens i l e 

results. Based on our experience wi th 
trying to obtain valid shear data, it is 
apparent that considerable attention 
must be given to future specimen de
sign, preparation, and testing pro
cedures in order to obtain reliable 
shear data. The main problem in 
obtaining valid shear data is that the 
combination of notch sensitivity (frac
ture toughness) of beryll ium and the 
small shear test area imposed by the 
specimen thickness makes for a high 
degree of inaccuracy in the test data 
obtained. In the thickness tested 
(1 /16 in.) it is impossible to provide a 
notch free terminus of the test sec
tion. 

Seventh Step 

Following the verif ication of weld
ing parameters by the comparison of 
shear strengths we investigated the 
influence of base metal thickness on 
welding parameters. For this series, 
1 / 8 and 1 / 4 in. thick sheet and plate 
containing a nominal 1 % BeO were 
diffusion welded starting wi th the 
base weld schedule of 1400 F, 3 hr, 
1500 psi and 5% deformation. It was 
found necessary to increase only the 
amount of deformation to about 10% 
for welding the 1 / 8 in. thick material. 
On the other hand, a satisfactory joint 
was not achieved in the 1/4 in. ma-
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Fig. 14—Typical diffusion welded joints in beryllium sheet containing 1%> BeO. 

Polarized light. 0.5% Hf etch. X250 (reduced 33%> on reproduction) 

terial even when the temperature and 
deformation were raised to 1450 F 
and 1 5% respectively. 

Examination of the fracture face re
vealed extensive point welding in the 
areas of the joint interface that ap
peared to be unwelded. It did not ap
pear feasible to increase either the 
temperature or deformation above 
those already tested, since the high 
deformation and longer t imes or high
er temperatures would be objection
able. Rather it appears that when 
welding thick sections, the support 
tooling should be designed to prevent 
"bar re l ing" and restrict the deforma
tion to the area of the interface. The 
primary reason for doing this is de
rived from the fol lowing discussion 
on static forging of billets. It wi l l be 
evident from this discussion that, as 
the height of the parts being joined 
increases, the pressure distribution 
across the surface becomes more uni
form and it is reasonable to assume 
that the rate at wh ich welding 
progresses from center outward is re
duced s.ignificantly. Thus, as the 
height of the stack increases, the 

problems of support and material 
containment becomes more acute. 

The fol lowing analysis3 relates to 
the forging pressure distribution on a 
cylindrical billet during static forging: 
Forging Pressure. A cylindrical billet 
upset between two parallel plates de
velops a non-uni form pressure 
distribution across its surfaces. The 
pressure distribution at any t ime dur
ing the upset wi l l depend on the 
fol lowing: 

1 — The original height and diam
eter of the billet. 

2 — The instantaneous height at 
the time under consideration. 

3 — The original f low stress of the 
material and its strain hardening 
characteristics. 

4 — The fractional forces gen
erated at the interfaces during 
deformation. 

The pressure distribution is deter
mined from the equation: 

<r„ e VL (R r) 

where: p - axial pressure; r = radial 
distance from center of billet; <x0 - ten

sile yield stress (uniaxial); h = billet 
height; fx= coefficient of sliding fric
t ion (Coulomb friction); R = billet 
radius. 

The peak pressure occurs at the 
center of a given billet where r = 0 

• ° ( m a x ) = f f o e ( 2 M R / h ) 

and the minimum die pressure occurs 
at the edge where (r = R) and P,minf c0 

For the conditions of test imposed 
during the test program, the yield 
stress ((T0), the coefficient of fr ict ion 
(M) and the radius R are the same, 
hence the pressure distribution is 
directly related to the billet or stack 
height(h). 

In Fig. 17 are plotted the stress 
distributions for 0.125, 0.250 and 
0.500 in. high stacks (billets) assum
ing ffp = 5000 psi, M = 0.2 and R = 0.5 
inch. It is apparent from this figure 
that higher unit pressures are 
achieved at the center of thinner sec
tions than in thick sections. 

Several approaches may be under
taken to increase the unit stress in 
thick sections. The first is to increase 
the amount of deformation, thereby 
reducing the height, h, and increas
ing the outside radius, R, wi thout 
increasing the tensile yield stress, <J0 . 
The second approach is to restrain 
the material away from the joint so 
that the effective height, h, is reduced 
ando"0 can be increased if desired. 
This would be accomplished through 
proper tooling design that would re
strict material deformation and f low 
to the joint area. Either of these meth
ods wi l l cause an increase in the unit 
pressure at the center of the sample 
and increase the potential for weld
ing to be initiated. 

Eighth Step 

The eighth program step involved 
an evaluation as to how the BeO con
tent influenced the basic parameters 
established w i th sheet containing 1 % 
BeO. It was found that the condit ions 
for welding the higher BeO content 
sheet were considerably different 
from what had previously been estab
lished. 

Increasing the pressure or amount 
of deformation at 1400 F did not pro
duce satisfactory welds. Moreover, it 
was not until the deformation and 
temperature were respectively in
creased to about 15% and 1500 F that 
the area welded exceeded 90%. It ap
peared that satisfactory welds could 
be produced in as little as VA hr and 
that the recrystalization temperature 
had not been exceeded. 

Ninth Step 

The last step in the development ef
fort was to investigate the influence 
of a constant pressure-controlled de-
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formation, welding method on the 
primary weld properties. For this 
phase of the program, the samples 
were placed inside the retaining rings 
shown in Fig. 4. By using retaining 
rings of varying dimensions, the 
amount of deformation could be con
trolled to different but reasonably pre
dictable amounts. Deformation of the 
specimen was ended when the cavity 
of the retaining ring was f i l led. Since 
the greatest area change was 6%, the 
maximum difference between the ap
plied and welding pressure was only 
90 psi from the start to the end of the 
weld cycle. This compares w i th a dif
ference of perhaps 4000 psi when 
welding was accomplished in the 
other tooling. 

The data indicate that, by confining 
the material so that a constant pres
sure is maintained during the overall 
weld cycle, a slight increase in the 
area welded can be experienced at 
either low pressure or low deforma
tions over what is obtained when ma
terial f low is unrestricted. The dif
ference is slight, however, and not 
significant enough to warrant lower
ing the welding pressure below 1500 
psi. At welding pressures of 1500 psi 
or greater, the amount of deformation 
can be reduced to about 3%. How
ever, the relative difference in the 
amount of deformation (0.004 in. 
compared to 0.066 in.) necessary to 
achieve adequate welding is hardly 
significant, particularly w h e n one 

considers standard manufacturing 
tolerances and gage thickness varia
tions. Thus it appears desirable to 
stay w i th the higher amount of de
formation which should also improve 
reliability. 

Discussion 

It was determined that the success
ful diffusion welding of lap joints in 
wrought beryll ium sheet was con
trolled by four major variables: t ime, 
temperature, pressure and deforma
t ion. This work demonstrated that 
successful welding could be accom
plished in the temperature range of 
1400 — 1550 F, whereas much of the 
past work associated w i th the 
successful diffusion welding of beryl
lium was accomplished at fairly high 
temperatures (1625 F for 15 mins at 
2000 psi)4 or (1550 to 2300 F for 1 
hr)6. At these temperatures, however, 
grain coarsening is often observed 
and the strength losses incurred can 
be objectionable for many applica
tions. In selecting an applicable max
imum welding t ime, we assumed that 
hot forming of either the detail parts 
or the f inished assemblies at 1400 — 
1450 F would be required. Since that 
t ime would be additive to the welding 
t ime, it was deemed advisable to keep 
the welding t ime to below the max
imum exposure t imes. 

Passmore5 conducted diffusion 
welding tests on both hot pressed 

and extruded beryll ium bar over a 
wide range of temperatures using dif
ferential thermal expansion tooling. 
His data indicated that maximum ten
sile properties were achieved at a 
welding temperature of about 1640 F 
and that specimen deformation, 
based on diameter increases, ranged 
from 0.1 to 0.6% for the hot pressed 
product to 0.4 to 5.6% for the ex
truded product. 

As a matter of course, the research 
efforts were directed at the develop
ment of minimum condit ions for diffu
sion welding beryllium sheet that 
would be applicable to production 
welding of reasonably large beryll ium 
structures; developing a balance be
tween t ime, temperature, and pres
sure. The approach was to develop 
welding parameters that would per
mit a production assembly to be 
welded in a single shift wi thout 
resorting to excessively high pres
sures. It was evident that below 1400 
F either high pressures or long ex
posure times would be required to 
achieve satisfactory welds. 

The data obtained indicates that 
the min imum welding pressure for 
lap joints in wrought beryll ium sheet 
is 1500 psi (regardless of the BeO 
content) if welding is accomplished in 
the temperature range of 1400 to 
1550 F. Higher welding pressures 
could be used but appeared to offer no 
significant improvement in weld qual
ity, nor did they reduce the welding 
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Table 2—Shear Strength of Base IVletal and Welded Joints 

Specimen no. 

F-1 
F-2 
F-6 
F-7 
F-8 

Temp., 
F 

Time, 
hr 

F-3 
F-4 
F-5 

F1 3506055-1 
F1 3506055-2 
F1 3506055-3 
F1 3506055-4 

FI 4003055-1 
F14003055-2 
FI 4003055-3 
F14003055-4 

F14503055-1 
F14503055-2 
F14503055-3 
F14503055-4 

K14003051 5-1 
K14003051 5-2 

KI 4503051 5-1 
K145030515-2 
K14503051 5-3 
K1 45030515-4 

1350 
1350 
1350 
1350 

1400 
1400 
1400 
1400 

1450 
1450 
1450 
1450 

1400 
1400 

1450 
1450 
1450 
1450 

Deformation, Shear strength (ksi) 
in. % Room temp. 800 F 

Sheet no. 1852B base metal 

55.1 

53,1 
57.1 
54,2 

54.9 Avg, 
30.1 
32.2 
32.5 

31.6 Avg. 

Sheet no. 1852B welded joint 

.007 

.007 

.006 

.0085 

.0065 

.0070 

.0070 

.0070 

.0070 

.0070 

.0070 

.0075 

Plate no. 

.081 

.081 

.071 

.071 

.064 

.064 

6.0 
6.1 
5.3 
7.3 

5.6 
6.0 
6.1 
6.0 

6.0 
6.0 
6.0 
6.5 

6958 welded 

16.7 
16.7 

14.6 
14.6 
13.4 
13.4 

16.4 
34.7 

48.1 

35.7 
19.8 

24.4 
47.4 

joint 

Remarks 

Broke in handling. 

19.5 

33.1 

30.6 
32.6 

21.4 
25.0 

36.3 

28.9 

Broke in fixturing. 

Did not fail. 

Broke in fixturing. 

Broke in machining. 

t ime significantly. It was determined 
that 1/16 in. sheet containing 1 % 
BeO could be welded w i th a minimum 
deformation of 5%, but that greater 
deformation was required as the 
thickness was increased or w i th high
er BeO contents. Why h igher 
deformation was required for joining 
the 2% BeO sheet is unclear. 

Passmore6 noted that there was no 
observable grain growth across the 
joint interface and concluded that 
welding occurred as a consequence 
of atomic contact across the in
terface. Even when germinative 
grain growth occurred (Figs. 7 and 
14), the grains did not cross the joint 
interface. Instead, it was often ob
served that very fine grains were 
present on either side of the joint 
interface, probably nucleated by lo
calized plastic deformation of the sur
faces during welding. The fact that 
f ine grains were not as readily evi
dent in the sheet containing two per
cent BeO and the greater deforma
tion at higher temperatures required 
for joining sheet containing the higher 
percentage of BeO would seem to 
indicate that the welding mechanism 

is more than a simple surface reaction 
between oxide layers. It would seem 
that if atomic contact were the only 
factor involved that there would be 
little difference in the weldabil i ty of 
wrought beryllium sheet containing 
different percentages of BeO. 

A possible explanation for this dif
ference might be developed from the 
observations of Hausner7 and Scott 
and Lindsay8 concerning the precipi
tation of minor elements, (mainly 
Fe and some Al and Si) both at the 
grain boundaries and w i th in the 
matrix in the 1400 to 1500 F tempera
ture range. Scott and Lindsay de
termined that an exposure of four 
hours at 1475 F caused a significant 
increase in the amount of Fe at the 
grain boundaries. They speculated 
that the presence of this precipitate 
might influence the degree of inter
granular fracture and the ductility of 
the material. 

A further suggestion was made 
concerning strain induced precipita
t ion and that iron rich centers may be 
preferentially nucleated provided suit
able sites were available even if a 
more general nucleation were not 

possible. If this were in fact true, then 
the nucleation of f ine grains on either 
side of the joint interface may be re
lated to the precipitation of iron at the 
interface. Certainly the localized 
deformation at the interface could 
cause strain induced precioitation. A 
further consideration is that if strain 
induced precipitation occurs at the 
interface during the early stages of 
welding then diffusion of iron or other 
minor elements across the joint inter
face m igh t be the p r imary 
determinate of the welding process. 

Further, one should consider the 
rate of diffusion through both metallic 
beryllium and through beryll ium 
oxide, since the thickness of the BeO 
layer about each grain is to some ex
tent related to the amount of BeO 
present in the sheet. Thus it might be 
possible that the relative difference in 
weldability between wrought sheet 
containing different BeO contents 
might be partially related to the dif
ference in diffusion distances. 

As a result of the data obtained dur
ing this program effort, we developed 
sufficient confidence in the ability to 
diffusion weld beryll ium on at least a 
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laboratory basis, developing joints 
having a substantial level of strength. 
However, there is a lack of under
standing of the actual welding mecha
nism. As a result we are not suffi
ciently able to control the welding 
process. We have been able to estab
lish, w i th a reasonable degree of cer
tainty, the minimum levels of t ime, 
temperature, pressure and deforma
tion required for welding lap joints in 
wrought beryll ium sheet. These 
conditions (i.e. 1400 F, 1500 psi, 3 hr 
w i th a minimum of 5% deformation of 
1 /16 in. thick sheet containing one 
percent BeO) wi l l produce welding 
over more than 90% of the joint sur
face. Increases in t empe ra tu re 
and/or deformation were required to 
produce similar results in thicker 
sheet and plate, or sheet containing 
two percent BeO. 

Future Potent ia l 

It has been demonstrated that 
wrought beryll ium sheet can be diffu
sion welded without a significant loss 
of strength, either in the base metal 
or the weld. The conditions of t ime, 
temperature, pressure and deforma
tion that were established during this 
program are amenable to production 
operations. However, it wi l l be neces

sary to verify that structural elements 
of reasonable proportion can be re
peatedly and rel iably d i f f us ion 
welded. Whether the cost of diffusion 
welding can be justif ied for many 
structures remains to be seen, for the 
investment in equipment including 
vacuum pumps and presses could be 
sizable. 

From a manufacturing standpoint 
the welding conditions are such that 
hot forming of the structure and diffu
sion welding might be accomplished 
simultaneously, thereby helping to 
keep the fabrication costs down. Re
search to date indicates that no spe
cial processing wi l l be required. (For 
example, chemical etching of the as-
received surface or of a ground edge 
was satisfactory. Lapping and polish
ing of the surfaces was not neces
sary.) As developed, the process is 
fairly straightforward and wi th in the 
realm of current manufacturing tech
nology. Because of the temperature 
range in which it has been deter
mined that welding is feasible, the 
cost of tooling materials should not 
be excessive since low cost, readily 
machinable materials could be used. 

It has been shown that the loss of 
base metal strength can be kept to 
less than 10% and that the joint 
strength and base metal strength wi l l 

be essentially the same. Thus the 
weight penalty for diffusion welded 
joints wi l l be significantly less than 
for mechanically fastened or ad
hesive bonded joints. Diffusion weld
ed joints are superior to brazed joints 
from the standpoint of strength at 
room and elevated temperatures, 
corrosion resistance and weight. Fu
sion joining of beryllium has not been 
successful because of the low joint 
strength and ductility. Whi le diffusion 
welded butt joints currently have low 
ductility, the joint strength is ap
proximately equal to that of the base 
metal. 

With continued development of the 
diffusion welding process and an 
understanding of the welding mecha
nism, the use of beryllium in aero
space structures should become more 
common. Some of the applications 
where diffusion welded beryllium 
structures might be found include 
control surfaces, interstage and inter-
tank structures, tube and cap assem
blies such as spars, struts, actuator 
rods, and lightweight s t i f f ened 
panels. Further, during the past few 
years, the beryllium producers have 
developed new processing methods 
that have significantly increased the 
fracture toughness of wrought prod
ucts. Today, it is possible to procure 
wrought sheet having a K|r of 14 +ksi 
yir i . whereas several years ago a K|C 

of 10-1 2 ksi v/in. was about the best 
one could expect. This increase in 
fracture toughness wi l l not go un
noticed by aerospace design en
gineers, and it can be anticipated that 
more beryllium wi l l be found on fu
ture aerospace structures. Regardless 
of the increase in fracture toughness, 
however, the industry wi l l still be 
faced w i th the problem of producing 
reliable joints economically and wi th 
minimum increase in weight. 

Whi le mechanical fastening and 
adhesive bonding wi l l probably be 
used for the lion's share of joining 
applications, it wi l l not be until dif fu
sion welding reaches production 
status that designers wi l l be able to 
take full advantage of beryll ium's 
unique p roper t ies in des ign 
applications. 

Conclusions 

The fol lowing conclusions are 
based on the data collected during 
this program: 

1 — Lap joints having strength 
properties equaling 90% of the room 
temperature properties can be pro
duced in beryllium sheet, and plate 
containing approximately one per
cent beryllium oxide can be produced 
by diffusion welding in 3 hr at 1400 to 
1450 F under a minimum pressure of 
1500 psi. 

2 — Under the conditions listed 
in conclusion 1 above a min imum 
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deformation in thickness is required 
for welding to occur. For 1 /16 in. 
thick sheet, 5% deformation is re
quired; for 1 /8 in. sheet, 10% 
deformation is required; and for 1 /4 
in. thick plate, a minimum deforma
tion of 1 5% is required. 

3 — Welds produced under the 
conditions listed in conclusions 1 and 
2 and tested at 800 F failed at loads 
exceeding 90% of the base metal 
shear strength. At 800 F the shear 
strength of the base metal is 31.6 ksi, 
whereas the shear strength of welds 
has ranged from 28.9 ksi to 36.3 ksi. 

4 — Beryllium sheet ( 1 / 1 6 in. 
thick) containing approximately 2% 
BeO could not be welded w i th the 
parameters given in conclusions 1 
and 2 above. Instead, a min imum 
time of 11/2 hr at 1500 F was required 
along w i th a minimum force of 1500 
psi and a minimum deformation of 
15%. 

5 — Grain growth across the joint 
was evident in localized areas only. 

6 — Germinative grain growth was 
evident in the one percent BeO sheet 
when welded at 1450 F under low 
levels of deformation (1 to 3%). 

7 — When the material being 
welded is confined by tooling so that 
s ideways f l o w is con t ro l l ed , 
"a l l igator ing" can be prevented. The 
minimum amount of deformation re
quired to weld two 1 / 1 6 in. sheets of 
1 % BeO material together can be re
duced from 5 to 3% without reducing 
the joint area welded below 90%. 
However, germinative grain growth 
has been experienced at low levels of 
deformation and welding at less than 
5% deformation is not recommended. 
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One objective of the Pressure Vessel Research Committee (PVRC) of the 
Welding Research Council is to review and present the results of pressure-vessel 
research in a useful form for designers and code-making bodies. Many such 
reviews with recommendations have been presented. In January 1971, PVRC 
formed a Task Group, under the Evaluation and Planning Committee, to review 
current knowledge and prepare recommendations on toughness requirements for 
ferritic materials in nuclear power plant components. The recommendations were 
requested from PVRC by the ASME Boiler and Pressure Vessel Committee for 
their use in considering any revisions to the requirements for Class 1 Com
ponents, Subsection NB of Section III — Nuclear Power Plant Components. 

Specifically, the Task Group undertook to recommend, on the basis of current 
knowledge, criteria for ferritic-material-toughness requirements for pressure-
retaining components of the reactor coolant pressure boundary operating below 
700 F. These criteria, when used in addition to the stress limits allowed by the 
ASME Code, should permit the establishment of safe procedures for operating 
nuclear reactor components under normal, upset, and testing conditions; emer
gency and faulted conditions should be considered on a case basis. The present 
report contains the recommendations of PVRC provided to the ASME, and also to 
the Atomic Energy Commission, in August 1971; with some revisions and addi
tions developed since that date. 

The price of WRC Bulletin 175 is $3.00 per copy. Orders for single copies 
should be sent to the American Welding Society, 2501 N.W. 7th St., Miami, Fla. 
33125. Orders for bulk lots, 10 or more copies, should be sent to the Welding 
Research Council, 345 East 47th Street, New York, N.Y. 10017. 
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