
Microstructural Control of 
Thin-Film Diffusion-Brazed Titanium 

Simple diffusion calculations can be used to control the 
compositions of thin-film diffusion brazements 

BYR.R. WELLS 

ABSTRACT. The mechanical behav
ior of a brazed joint depends upon 
both the properties of the joining 
material and the adjacent base metal. 
This is particularly true for thin-film 
diffusion brazing systems, since the 
joint becomes an extension of the 
base metal. 

The work described in this paper 
was designed to determine what 
parameters should be controlled to 
achieve quality joints of good tough
ness and high strength in titanium 
alloys. Emphasis was placed upon 
studying those parameters which pro
vided tough joints compatible with the 
titanium base metal being joined. This 
paper is concerned with thin-fi lm dif
fusion brazing based upon the eutec
tic system formed between copper 
and titanium. 

In order to control the joint micro-
structure, the copper diffusion rates 
and the beta-phase decomposit ion ki
netics were studied in detail. This in
formation was used to produce var
ious types of microstructures in test 
specimens. These were then eval
uated to select the best microstruc
tures for toughness and strength 
which were compatible with the t i 
tanium alloys. 

The results of this work show that it 
is possible to accurately control prop
erties of joints produced by thin-film 
diffusion brazing. This is done by con
trolling the initial copper content and 
the t ime- temperature parameters 

, used in processing. 
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Fig. 1 — Titanium-copper phase diagram 

Introduction 

Thin-film diffusion brazing systems 
differ from normal brazing systems in 
that only a thin layer of liquid will be 
formed at the joining temperature. 
Usually, neither the base metal nor 
the thin film melt by themselves at this 
temperature. The liquid is formed due 
to either a eutectic or peritectic reac
tion or, in a few cases, the formation 
of a minimum melting point in an iso-
morphous system. These systems 

owe their joining characteristics to the 
formation of a eutectic, peritectic, or 
minimum melt-point l iquid after solid 
state diffusion has occurred between 
the base metal and the thin fi lm to 
create the proper composit ion for 
melting. 

When these systems are used for 
brazing, the quantity of the thin film 
must be carefully control led. If excess 
thin-film material is used, then the 
reaction will create a large quantity of 
liquid which could cause erosion of 

WARY 1 9 7 6 



ioo r 

90 

% 
COPPER 

IN 
JOINT 

70 

60 

50 

40 

30 

20 " 

STARTING 
CONDITION 

(a) 

A L L COPPER G R A D I E N T CURVES ARE 
FOR I D E N T I C A L COPPER QUANTIT IES 

(b) 

END CONDITION 
(e) 

<t 

JOINT 

Fig. 2 

<t 

— JOINT » -

START 100% Cu 

ITio CA,-,) (TiCu) 
1700FI1200K) 

Copper distribution through titanium joint at various stages during the eutectic reaction cycle 

— - JOINT • * - * JOINT - * " 

SOL ID IF ICAT ION SOLID IF ICATION SOL ID IF ICAT ION 

AT T i -66Cu AT T i -57Cu AT Ti -40Cu 

( T i 2 Cu 3 ) (TiCu) ( T i 2 Cu) 

1680F(1193K) 

the base metal and form thick joints. 
The composit ion of these thick joints 
is difficult to alter, and the diffusion 
times and temperatures become ex
cessive. Conversely, a very thin layer 
of intermediate material may not form 
sufficient liquid to fill voids and create 
sound joints. The selection of the 
proper quantity of thin-fi lm material is 
further complicated by solid state dif
fusion during slow heating rates and 
by fit-up tolerances. 

Potential eutectic joining systems 
can be identified by studying phase 
diagrams. However, only experimen
tation can determine whether (a) a 
particular system will diffuse rapidly 
enough to be of practical value, (b) 
stable intermetallic compounds will 
form and produce brittle joints, (c) 
grain boundary liquation occurs, and 
(d) s t rong , tough jo in ts can be 
fabricated. 

The mechanical behavior of th in-
film diffusion brazed joints depends 
upon both the properties of the joint 
and the adjacent base metal. There
fore, a detailed understanding of the 
metallurgy of the system is required 
to form a sound, high-strength, tough 
joint which is compatible with the 
base metal and its heat treatment. 
The joint microstructure and me

chanical properties can be controlled 
by proper control of the quantity of 
the thin-film material and the time and 
temperature parameters. 

Titanium — Copper 
Eutectic Joining 

In this work, the t i tanium-copper 
eutectic system was used as a model, 
since sufficient work (Ref. 1) has been 
performed to characterize it in detail. 
Figure 1 shows the t i tanium-copper 
binary diagram from Hansen (Ref. 2). 
For a starting condition, assurhe that 
a thin-film of electroplated copper is 
sandwiched between two pure t i 
tanium surfaces. This yields a copper 
gradient across the joint, as shown in 
Fig. 2(a). 

When these two metals are heated 
in intimate contact, significant solid 
state diffusion starts to take place 
between them at approximately 1300 
F (977 K). Thus, by the t ime 1600 F 
(1144 K) is reached, a complete range 
of compositions and phases (see Fig. 
1) from pure copper to pure titanium 
exists. Then, as the eutectic tem
perature of approximately 1635 F 
(1163 K) is exceeded, that portion of 
the interface region which is at the eu
tectic composit ion Ti-72Cu melts. 

Diffusion takes place some 100 to 
1000 times faster in liquid than in 
solid. Because of this, the interface 
broadens rapidly by dissolving more 
base metal until all of the copper is 
consumed to form eutectic l iquid. At 
this time, the eutectic liquid becomes 
a brazing filler metal and wetting and 
flow take place. 

Two dif ferent phenomena take 
place next, each of which becomes a 
part of the final joining parameters. 
First, the eutectic liquid tends to form 
fillets and fill voids; this causes local
ized concentrations of the eutectic 
material. The second and somewhat 
concurrent action is that diffusion 
continues to take place between the 
eutectic l iquid and the t i tan ium, 
resulting in an increase in melt ing-
temperature range. 

Unless the t e m p e r a t u r e is i n 
creased above 1688 F (1193 K), the 
eutectic liquid will quickly dissolve 
additional titanium and solidify at T i -
66Cu, producing the copper gradient 
shown in Figure 2(b). However, if the 
temperature is increased to 1700 F 
(1200 K). then the liquid composit ion 
range is expanded by a peritectic re
action (Fig. 1), and solidification will 
occur at T i -57Cu, produc ing the 
copper gradient shown in Fig. 2(c). 
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This is advantageous because this 
peritectic adds liquid for brazing pur
poses while reducing the copper con
centration in the joint which other
wise must be reduced by much slower 
solid state diffusion. 

If a temperature of 1700 F (1200 K) 
is held, the liquid will solidify with a 
composition of Ti-57Cu. Additional 
time at 1700 F (1200 K) results in a 
further reduction in the maximum 
copper concentration in the joint by 
solid state diffusion between TiCu and 
the beta titanium. If the temperature is 
raised above 1751 F (1228 K), then 
solidification occurs at the composi
tion Ti-40Cu with the copper gradient 
shown in Fig. 2(d). The remaining 

compositional change takes place 
through solid state diffusion between 
Ti2Cu and the beta titanium phase. 

Above the 1815 F (1263 K) peritec
tic temperature, the liquid plus solid 
region extends to the beta titanium 
phase containing about 15% copper. 
However, 1815 F (1263 K) is above the 
beta transus temperature of most 
titanium alloys; this is undesirable in 
most cases. 

Diffusion Kinetics 

For this discussion, 1800 F (1255 K) 
is used as the maximum temperature 
at which solid state diffusion becomes 
the controlling factor. The next step 
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Fig. 3 — Comparison of microstructure and chemical gradient in a Ti-8Al-1Mo-1V joint 
held at 1700 F (1200 K) for 20 min (photomicrograph reduced 27% in reproduction) 

taken in developing a practical solu
tion was made by substituting alloys 
Ti-6AI-4V and Ti-8AI-1Mo-1V for pure 
titanium. 

Once a temperature has been se
lected, the solidification composit ion 
of the joint is determined. The prob
lem of composit ion control then be
comes one of knowing the starting 
quantities of copper and the final 
chemical composi t ion des i red. A 
parallel portion of this work indicated 
that, as a first approximation, a joint 
containing between 5 and 10% cop
per was desired. Knowing what 
composit ion is desired and the dif
fusion kinetics, one can then select 
the proper diffusion time to create the 
desired joints. 

Diffusion couples were used to 
determine the diffusion rates. The for
mation of the eutectic l iquid, the sub
sequent dissolving of t i tanium, and 
final solidification of this liquid take 
place very rapidly. Therefore, the dif
fusion experiments were designed, 
assuming that this portion of the 
process took place instantaneously 
upon reaching a holding temper
ature. Solid state diffusion then takes 
place between the infinite supply of 
titanium and the limited quantity of 
T i „ C u y c o m p o u n d . The dif fusion 
couples were made by sandwiching a 
thin layer of copper between titanium 
alloy layers, thus forming a thin-film 
type of diffusion couple. 

Various quantities of copper were 
used in the diffusion couples, and 
these were heated to temperatures 
between 1500 and 1800 F (1090 and 
1255 K) and held for different times. 
Fast heating and cooling rates were 
used to minimize diffusion effects at 
lower temperatures. Electron micro
probe analyses were conducted for 
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Fig. 4 — Diffusion coefficients for diffusion ol copper into titanium 
joints 
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copper content as a function of joint 
position. 

If 0.0004 in. (0.010 mm) thick 
copper is taken as the initial condi 
tion for a diffusion couple, then the 
joint has an initial copper concentra
tion as depicted in Fig. 2(a). After the 
diffusion cycle, the copper is dis
persed over a broad band and the 
maximum copper content is low, as 
shown in Fig. 2(e). 

Both the microstructure and the 
microanalysis of an actual joint are 
shown in Fig. 3. This joint was fabr i
cated at 1700 F (1200 K) for 20 min 
(1200 sec) with an initial copper thick
ness of 0.0004 in. (0.010 mm). Other 
thin-fi lm diffusion couples were made 
using similar copper quantities but 
with other diffusion conditions. 

These diffusion couples were then 
analyzed for effective diffusion rates 
using the Boltzmann-Matano (Ref. 3) 
method of analysis. These effective 
diffusion rates were plotted as a func
tion of reciprocal temperature, as 
shown in Fig. 4. The straight line 
shown in Fig. 4 was drawn as a 
reasonable approximation of the dif
fusion coefficients (D). Values of D 
from this line were used for all subse
quent calculations. 

Diffusion couples have an in
termediate layer which starts with 
pure copper and ends with a low 
copper concentration. Therefore, the 
thin-fi lm diffusion equation (Ref. 4) 
was used for subsequent calcula
tions to predict joint behavior. This 
equation is: 

HMQii 

c = 
2/TTn 

exp-
4Dt (D 

where c is concentration of solute (%); 
(v is quantity (cm%) of solute (thin-
film); X is distance normal to the initial 
solute film (cm from the center of the 
joint); t is time (seconds or s); D is dif
fusion coefficient (cmVsecond). 

For these joints, the maximum 
copper content of the joint governs 
the final microstructure and mechan
ical properties. Since only the max
imum copper quantity is important 
and this maximum occurs at the cen
ter of the joint, eq (1) reduces to: 

rv 

at X = 0 
'"** 2J7oi 

(2) 
Equation (2) was then used to con

struct the family of curves in Fig. 5. 
The curves relate maximum residual 
copper content at the center of the 
joint with diffusion times and temper
atures for a given starting quantity of 
copper. By determining the quantity 
of copper necessary to form the joints 
with a given heating rate and joint 
configuration, and by determining the 
maximum joining temperature de
sired — in this case 1700 F (1200 K) 

faff. \VH '?: 

Fig. 6 — Typical microstructures for thin film diffusion brazed joints between pure titanium 
alloys. Left — TI-55A, 1700 F (1200 K) — 20 min, 1450 F (1060 K) — 15 min. Right — Ti-75A, 
1700 F (1200 K) — 20 min, 1375 F (1020 K) — 15 min. Etch: 5% HF, 50% H,PO*, 20% butyl-
cellosolve. X500 (reduced 48% on reproduction) 

— one can determine the diffusion 
time by following the vertical 1700 F 
(1200 K) line, (a) in Fig. 5, up to the 
desired maximum copper level (7%) 
and find the time required on the hori
zontal scale (1200 s). These values 
apply to joints of uniform copper 
thicknesses; some additional time will 
be required to reach the desired 
chemistry in localized areas where the 
eutectic liquid may be more concen
trated, i.e., fillets and voids. 

These concentration curves can be 
used to calculate the effects of mult i
ple times and temperatures on dif
fusion of copper from the joint. To do 
this, one must start with the copper 
concentration after a joining cycle. 
For example, a joining cycle of 250 at 
1700 F (1200 K) would result in a max
imum copper concentration of 15%. If 
the temperature is then lowered to 
1500 F (1090 K), the 15% copper con
centration becomes equivalent to a 
diffusion cycle of 5,000 s at 1500 F 
(1090 K). An additional 25,000 s of dif
fusion time would be required to 
reach a final copper concentration of 
7% at 1500 F (1090 K). 

The accuracy of the curves shown 
in Fig. 5 was checked over a period of 
years by analyzing many different 
spec imens . The only s ign i f i can t 
deviation from predicted values oc
curred due to joint thickness vari
ations result ing f rom poor f i t -up. 
However, experience showed that a 
given quantity of copper generally re
q u i r e d the p r e d i c t e d t i m e and 
temperature to reach the desired 
maximum copper concentration at 
the center of the joints. 

Beta-Phase Decomposit ion 

The eutectoid decomposit ion of 
copper-containing beta-phase t i 
tanium to alpha-phase plus the com
pound Ti2Cu (Fig. 1) was studied to 
determine the reaction kinetics and 
the .influence of phase morphology 
upon joint ductility and joint strength. 

The work of Margolin et al, (Ref. 5) 
provided some data on the eutectoid 

transformation of copper-containing 
titanium alloys. The joints in this study 
consisted of t i tanium alloys and 
quantities of copper different from 
those studied by Margolin. This study 
used small lap-joints joined at 1700 F 
(1200 K) wh ich were then c o n 
tinuously cooled at varying cooling 
rates or to a predetermined temper
ature and held. The joints were 
analyzed using hardness transverses 
and optical microscopy. These data 
were then used to establish approxi
mate t ime-temperature-transforma
tion kinetics for pure titanium (Ti-75A 
and Ti-55A), Ti-JjjBAI-1 Mo-1 V, and Ti-
6AI-4V. Since the copper composit ion 
of the joints varied from the center 
outward, it was necessary to con
struct several diagrams representing 
the transformations at the center of 
the joints and at various distances 
from the center. 

Beta Decomposition in 
Pure Titanium 

The continuous cooling rates used 
for transforming joints of Ti-55A and 
Ti-75A varied between 60 and 500 F 
per minute (0.5 and 4.6 K s); these 
covered the practical ranges obtain
able in a brazing facility. Neither 
microstructure nor hardness mea
surements of these samples indi
cated a significant difference be
tween the various cooling rates. 

Transformation of the pure titanium 
from beta to alpha plus compound 
was complete prior to the time that 
the M s temperature was reached, so 
that no evidence of martensite was 
seen. I so therma l t r a n s f o r m a t i o n 
studies were also conducted. Again, 
no significant decomposition differ
ences were noted. Since these joints 
in the pure titanium were made above 
the beta transus. large co lumnar 
alpha grains formed along with the 
eutectoidal a lpha-p lus-compound 
structure. 

Figure 6 shows the microstruc
tures of two typical joints resulting 
from the isothermal transformation of 
the beta titanium plus copper in [he 
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j o in t reg ion . These p h o t o m i c r o 
graphs show a small difference in the 
size and distribution of the Ti2Cu com
pound which is typical for isothermal 
temperature di f ferences in most 
systems which transform by a eutec
toid reaction. 

Beta Decomposition in Ti-8AI-1Mo-1 V 

The aluminum, molybdenum, and 
vanadium in this alloy are present in 
the joint as well as the base metal. 
This led to substantially different 
transformation kinetics than those 
seen in the pure titanium joints. 

Figure 7 shows the most rep
resentative transformation curve for a 
joint in the Ti-8AI-1 Mo-1 V alloy, which 
contains a maximum of 7% copper. 
To construct this curve, a continuous 
cooling rate of 500 F/min (4.6 K/s) 
was used during cooling from the dif
fusion temperature of 1700 F (1200 K) 
down to the transformation temper
ature, at which time the specimen was 
held at temperature. 

Microst ructures i l lustrat ing the 
phase morphology result ing f rom 
various holding times at 1400 F (1030 
K), 1450 F (1060 K), and 1500 F (1090 
K) are also shown in Fig. 7. The data 
indicate that the transformation from 
beta to alpha plus compound occurs 
in the region of 1375-1500 F (1020-
1090 K) in times from 60 to 10,000 s. 
For practical holding times which will 
produce complete transformation, the 
temperature should be below 1460 F 
(1065 K). To avoid martensite forma

t ion, the holding temperature should 
be above 1375 F (1020 K). 

Beta Decomposition in Ti-6AI-4V 

Joint transformation studies for the 
Ti-6AI-4V alloy indicated that the op
t imum transformation temperatures 
occurred between approx imate ly 
1275 and 1400 F (960 and 1030 K) 
with holding times between 60 to 1,-
000 s. The nose of the curve occurred 
at approximately 1325 F (990 K), and 
the M s at approximately 1250 F 
(950 K). 

Figure 8 illustrates the effect of the 
varying copper and aluminum con
tent in the joint on the beta trans
f o rma t i on cha rac te r i s t i cs . These 
curves show that joints of varying 
composit ion will transform different
ly, resulting in microstructural vari
ations. A holding time greater than 
200 s at 1350 F (1003 K) would form a 
more uniform microstructure than the 
one illustrated in Fig. 8. 

The beta decomposit ion studies 
showed that little control could be 
exercised over the phase t rans
formations in pure titanium joints. 
However, considerable control can be 
exercised over joints made with 
titanium alloys. In the latter cases, the 
joint microstructure could be varied 
from a structure consisting of coarse 
alpha needles plus compound to a 
precipitate-like dispersion of com
pound in an alpha matrix or a mar
tensite structure. Thus, a range of 
phase morphologies similar to the 

pearl i te, baini te, and martensi te 
structures in steels can be formed 
with the t i tanium-copper joints. 

Tests have shown that the me
chanical properties corresponding 
to these structures are also similar 
to those in steels — that is, good 
toughness with the pear l i t ic- l ike 
structure and poor toughness with the 
martensite structures. Even the pear
l i t ic- l ike jo ints with the t i tan ium-
copper alloys have strengths near 
base-metal strength. Our studies em
phasized attainment of good tough
ness in the joints. 

Phase Morphology and 
Mechanical Properties 

As stated previously, it is possible 
to relate joint properties to both re
tained copper content and the micro-
structure resulting from decom
position of the beta phase. Three 
examples of this interrelationship be
tween joint morphology and mechan
ical properties are briefly described 
here. 

In the f i rs t eva lua t i on , smal l 
changes in microstructure were pro
duced by f ab r i ca t i ng lap-shear 
specimens of T i -8AI-1Mo-1 V and 
transforming the beta phase at either 
1420 or 1450 F (1045 or 1060 K). 
These specimens were tested in 
shear at various temperatures be
tween -320 and 600 F (77 and 590 K). 
As seen in Fig. 9, there is no signif
icant difference in the high lap-shear 
strengths caused by these minor 
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Fig. 8 — Influence of copper content on transformation rates and phase morphology of V-6AI-4V joints 

microstructural differences. 
A third set of lap shear specimens 

was transformed at 1375 F (1020 K), 
which is very close to the M s temper
ature. This transformation resulted in 
the formation of a fine dispersion-type 
of microstructure. The lower ductility 
of this microstructure reduced the 
lap-shear strength at room temper
ature, as seen in Fig. 9. The higher 
test temperatures decreased the 
strength sensitivity of these lap-shear 
joints to joint ductility. Joints trans
f o r m e d to mar tens i te were not 
evaluated because Margolin's work 
indicated that this t ransformat ion 
product produced high strength, poor 

duc t i l i t y , and , p resumab l y , poor 
toughness. 

In the second evaluation, sheets of 
Ti-75A, Ti-6AI-4V, and Ti-8AI-1Mo-1V 
were coated on one side with a thin-
film of copper, diffusion treated to ap
proximately 7% maximum copper 
content, and cooled under varying 
conditions to change decomposit ion 
products of the beta-phase. Figure 10 
shows the amount of bend deflection 
which each specimen could with
stand before it cracked or, in a few 
cases, bent far enough to be pushed 
through the supports. These data pro
vide a sensitive measure of ductility; 
they support the above conclusion 

concerning low ductility in Ti-8AI-
1Mo-1V lap shear joints transformed 
at 1375 F (1020 K). 

In the th i rd evaluat ion, a sub
stantial effect of copper content on 
fracture toughness was observed in 
the work by Freedman (Ref. 6). 
Similar Ti-6AI-4V specimens were 
given different diffusion times to vary 
the residual copper level, but each 
was given an equivalent beta-phase 
transformation cycle. 

As seen in Fig. 11, the fracture 
toughness is strongly dependent 
upon the copper content. Thus, joints 
containing more than 7% copper 
should be avoided if high toughness 
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AT 1375F - 110 SEC 
(1020K - 110 SEC) 

i-8AI-1Mo-1V 
' BETA DECOMPOSITION 

AT 1420F - 15 MIN 
. (1044K - 900 SECI 

is desired. The microstructures of 
these joints varied from pearlite-like 
(similar to the area of 3% Cu-5.5% Al 
of Fig. 8) for the 6% copper content 
specimens to a bainite-like (9% Cu-
3% Al area of Fig. 8) structure for the 
9.5% copper content specimens. 

One specimen with 7% copper was 
cooled at a faster rate to form a struc
ture with finer alpha needles. This 
microstructure had a slightly lower 
toughness than the coarse alpha-
needle s t r uc tu re wi th the same 
copper content. These data indicate a 
stronger dependence of toughness 
on copper content than on micro-
s t ruc tu re . However , for a g iven 
copper content, the proper beta 
transformation cycle can then pro
vide some increase in toughness. 

TEST TEMPERATURE 

Fig. 9 — Lap shear tensile strength tor three phase morphologies in Ti-8AI-
1Mo-1V joints 
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Summary 
This work has shown that there is a 

relat ionship between phase mor
phology and mechanical behavior in 
th in - f i lm d i f f us i on -b razed jo in ts . 
Further, it is shown that the micro-
structure and mechanical properties 
of the joints can be varied in a con
trolled manner by applying diffusion 
calculations and transformation kine
tics to the practical fabrication of 
components. 

The opt imum copper quantity re
quired for joining a specific com
ponent depends upon fit-up and thus 
the voids which must be filled with 
brazing liquid — that is, the smaller 
the voids and the more intimate the 
contact between the titanium sur
faces, the less copper required to ob
tain a sound joint. 

The amount of solid state diffusion 
which takes place on heat-up is a 
function of heating rate and intimacy 
of contact between the thin-film of 
copper and the titanium. Slow heat
ing rates allow more solid state diffu
sion to take place during heating so 
that additional copper must be used 
to provide sufficient liquid to fill the 
joint. Conversely, if a large quantity of 
copper is used with a very fast heat
ing rate, excess liquid is formed, run
out or erosion may occur, and thick 
joints are formed which require long 
diffusion times. Thus, the opt imum 
quantity of copper to be used de
pends upon fit-up tolerances and 
heating rates which are compatible 
with reasonable diffusion cycles to 
produce the desired final joint com
position. 

Given the correct copper quantity 
for a specific titanium component, the 
proper diffusion time and temper
ature can be calculated to produce a 
joint of low residual copper; this can 
then be transformed into a strong, 
tough joint compatible with the prop
erties of the titanium alloy being 
formed. 

Conclusions 

1. Simple diffusion calculations 
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can be used to control the composi
tions of thin-fi lm diffusion braze
ments. 

2. Transformation kinetic studies 
(when applicable) are useful in op
timizing the mechanical properties of 
thin-film diffusion-brazed joints. 

3. These diffusion control prin
cipals can be used with brazing filler 
metals as well as solid state dif
fusion-welding systems where thin 
layers of intermediate are used, or in 
any joining system in which extensive 
diffusion is required. 
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The effects of niobium (Nb) and vanadium (V) additions on the properties of plain 
carbon (C) steel have been well known for some years now. Recently, through refinements 
and processing technology, very effective use has been made of relatively small amounts of 
Nb or V (up to 0.2 wt-%) to significantly increase yield strength and improve notch tough
ness. These improvements have resulted through optimization of Nb and V carbonitride pre
cipitation hardening, ferrite grain size refinement, and a reduction in C content. The latter 
item also significantly improves weldability. 

Nearly all of the industrialized countries of the world have taken advantage of the econ
omy of producing higher strength steels with a minimum of extra alloying cost. This is espe
cially true for structural applications where weight saving is so important. Many countries 
have also made effective use of these steels for pressure vessel applications. Although the 
United States is very active in high-pressure line-pipe development, very little activity has 
been directed toward using Nb and V steels for pressure vessels and other containers. The 
principal reason is that allowable-stress calculation as specified by the American Society of 
Mechanical Engineers (ASME) Boiler and Pressure Vessel Code is usually governed by ten
sile strength. While yield strength is increased significantly by Nb and V additions, there is 
a relatively small effect on tensile strength. Consequently, no direct advantage can be 
gained in pressure vessel design by an increase in yield strength. 

It is the purpose of this report to summarize the state of the art of Nb- and V-containing 
C-Mn steels for pressure vessel applications and to identify areas needing further research. 
Specifically, this report covers low-alloy steels with an upper yield-strength range of about 
75 ksi (53 kg/mm2). A brief summary of the pressure vessel codes around the world is present
ed in order to provide a basis for important material properties in the design of pressure 
vessels. Available steels, their mechanical properties and the technology for producing them 
are covered in detail. Although a few structural grades and pipeline steels from the United 
States are discussed, the main emphasis is directed toward foreign steels produced for pres
sure vessel applications. Where appropriate, comparisons are made to similar composition 
structural grades produced in the United States. Weldability and other important properties 
necessary for satisfactory fabrication and service are evaluated. This work was initiated and 
sponsored by the Pressure Vessel Research Committee of the Welding Research Council, 
Fabrication Division, Subcommittee on Thermal and Mechanical Effects. 

The price of WRC Bulletin 203 is $6.50 per copy. Orders should be sent with payment to 
the Welding Research Council, United Engineering Center, 345 East 47th Street, New York, 
N.Y. 10017. 
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