
Fracture Toughness Study of a 
Grade 300 Maraging Steel Weld 
Joint 

Plane strain fracture toughness is determined directly 
from welded joints while weld simulation specimens 
add correlative data 

BY J . G. BLAUEL, H. R. SMITH A N D G. SCHULZE 

ABSTRACT. The plane strain fracture 
toughness (K,c ) of a gas tungsten-arc 
(GTA) welded joint prepared from 10 
mm (0.39 in.) thick, grade 300, 
maraging steel was determined. 
Transverse three-point bend spec
imens, 10 x 10 x 55 mm (0.39 x 0.39 
x 2.17 in.), were prepared wi th 
notches and precracks preferentially 
located in the weld and the heat-
affected zone (HAZ), the outline of 
which had been revealed by prior 
polishing and etching. Al l critical K, 
values less than about 270 kp 
m m 3 ' 2 * (76 ksi- in.1 '2) satisfied 
ASTM validity criteria for K!c; these 
included determinations for all micro-
structures except one that was char
acterized by a very high stable aus
tenite content. 

The effect of microstructural and 
property variations characteristic of 
the HAZ on the determination of K|C 

*kp = kilopond.. a unit of force exactly 
equal to the kilogramforce (kgf), is fre
quently used in Europe but is relatively 
unknown in the United States. In this 
paper, all expressions involving the kilo-
pond have been converted to, and are 
followed by, U.S. customary units in paren
theses — ed. 
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was studied using "weld s imulat ion" 
specimens thermally treated in a 
Smit weld simulator. Results were 
correlated wi th those obtained from 
actual welds on the basis of equiv
alent microstructures, mechanical 
properties, and thermal treatments. 
From this study, a tendency towards 
embrit t lement due to short t ime expo
sure at 750 C was detected. It was 
also noted that Kic appeared to be 
independent of grain size. 

Typical Kic values of the weld joint 
were as fol lows: for the base mate
rial: 250 kp mm -3'2 (71 ksi- in. '2 ) for 
the high austenite zone: greater than 
290 kp mm 3'2 (82 ksi-in. "2 ) for the 
transformed zone: 230 kp mm 3/2 (65 
ksi-in.1 '2 ) and for the weld: 190 kp 
mm3 '2 (54 ksi-in.1 '2 ). 

In t roduct ion 

There is a continuing demand for 
ultra high strength materials for appli
cation in weight critical structures. 
For example, most commercial and 
military aircraft use these materials 
in landing geans and other secondary 
structure. In most cases the designs 
require that the materials be heat 
treated to a strength level near that 
wh ich is the maximum obtainable, a 
condition which unfortunately is also 
quite brittle. The designer is al lowed 
to take a calculated risk concerning 
the possibility of brittle fracture be
cause the failure of a secondary struc
ture is not necessarily fol lowed by 
catastrophic failure of the aircraft. 

However, these risks can be min
imized by a thorough understanding 
of the nature of the britt le fracture 
characteristics of the material — 
especially under welding conditions. 
In this regard, the tools provided by 
fracture mechanics can be utilized. 

A number of workers have reported 
the results of fracture toughness test
ing of weld joints (Refs. 1-5). How
ever it should be stated that extreme 
analytical and experimental diff icul
ties in obtaining valid and meaningful 
results are introduced by the variation 
in microstructural properties and the 
operation of residual stresses result
ing from the complex temperature 
profiles attending the multipass weld
ing. A solution for the material part of 
this problem can be approached 
through augmenting the information 
derived from weld joint tests by use of 
a weld simulator (Refs. 6,7). In such 
an apparatus, localized regions of the 
heat-affected zone can be synthe
sized in cross sectional areas large 
enough to yield valid test results. 

One of the more attractive weld
able (Refs. 7,8,9), ultra high strength 
materials available today is maraging 
steel. It can be fabricated in a relative
ly soft solution annealed condit ion to 
final dimensions, and then aged to 
full hardness. The aging process in
volves the precipitation of intermetal
lic compounds in an essentially 
carbon free matrix at relatively low 
temperatures (450-500 C) wi th no 
accompanying phase transforma-
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Fig. 1 — Microstructure of grade 300 maraging steel after hot-
rolling, solution annealing at 820 C for 4 h, and aging at 480 C 
for 4 h. An extremely nonuniform structure due to incomplete 
recrystallization is indicated. (Electrolytic etch with 10% Cr2 03; 
X100, not reduced) 
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F/fir. 2 — 7"/?e material shown in Fig. 1 after an additional solution 
annealing treatment at 900 C for 4 h. Recrystallization is com
plete. (Etch and magnification same as Fig. 1) 

Table 1 — Composition of Base and Filler Metals for 
X2 NiCoMo 18 9 5, wt% 

C Si 

Base 
metal 0.004 0.02 
Filler 
metal 0.004 0.02 

Mn Al Co 

0.02 0.005 0.004 0.085 9.05 

0.02 0.006 0.006 0.120 8.80 

Mo 

4.94 

4.80 

Ni 

17.8 

18.2 

0.79 

0.98 

Table 2 — Mechanical Properties and Toughness of 
X2 NiCoMo 18 9 5 material 

Ultimate tensile strength, <J2 , kp/mm2 (ksi) 
Yield strength, o"y , kp/mm2 (ksi) 
Fracture toughness, K|c , kp -mm 3 ' 2 (ksi-in.12 

Vickers hardness, HV 50, kp/mm2 (ksi) 

216 
210 
246 
610 

(303) 
(299) 
( 69) 
(867) 

tions. These features minimize the 
problems of dimensional stability, dis
tort ion, surface oxidation and decar-
burization commonly associated wi th 
quenched and tempered steels. 

Depending on its composit ion, 
maraging steel can be aged to 
strength levels ranging from 140 to 
240 k p / m m 2 (200 to 340 ksi) at 
toughness levels high in comparison 
to corresponding steels. For this 
reason maraging steel in the 190-
210 k p / m m 2 (270-300 ksi) yield 
strength range was chosen as the re
search material of this program. 

M a t e r i a l , A p p a r a t u s 

and Procedure 

Material 

The material was X2 NiCoMo 1 8 9 
5 steel supplied by Stahlwerke Siid-
westfalen, Geisweid, and identified 
by their tradename as HFX 760. This 
material corresponds to American 
grade 300 18% Ni maraging steel. It 
was first prepared as a vacuum induc
t ion melted and electron-beam re-

melted 260 mm (10.24 in.) round 
block, wh ich was subsequently hot 
rolled to a 10 mm thick plate and solu
tion annealed at 820 C for V2 h. 
When aged at 480 C for 4 h, the 
material's microstructure appeared 
as in Fig. 1. This was considered to be 
too nonuniform to permit sensitive 
measurements of the grain size in the 
HAZ of a welded specimen, and con
sequently the material was resolution 
annealed at 900 C for Vi h. This re
sulted in the f ine grained uniform 
microstructure shown in Fig. 2, wh ich 
was then considered satisfactory for 
subsequent investigations. 

The chemical compos i t ion is 
shown in Table 1, whi le mechanical 
properties and toughness of the rean-
nealed material in the aged condition 
are shown in Table 2. From this point 
on, whatever prior processing (i.e., 
welding or simulation) was involved, 
specimens were subsequently aged 
at 480 C f o r 4 h . 

Heat Treatment 

At temperatures h igher t han 
750 C, 18% nickel maraging steel 

(nominally 18% Ni, 9% Co, 5% Mo) 
exists as a face centered cubic, single 
phase austenite. On cooling, the aus
tenite transforms by shear to body 
centered cubic martensite, irrespec
tive of cooling rate. The low carbon 
Fe-Ni-martensite so formed is soft 
and ductile. On reheating in the 450-
550 C range the alloy is hardened by 
the precipitation of intermetall ic 
phases as N i 3 Mo and Ni x T i y (Refs. 
10, 13). Optimum hardness is ob
tained by aging from 3 to 8 h in this 
range. However, after prolonged ex
posure, the alloy overages by a proc
ess involving reversion of the mar
tensite to austenite, probably in the 
regions immediately surrounding the 
intermetall ic compounds (Ref. 11). A t 
higher temperatures (but still below 
750 C), there is a tendency for the ele
ments Ni and Ti to partit ion to the ex
tent thata Ni-rich phase is retained on 
cooling to room temperature. It has 
been reported that the tendency to 
form stable austenite is strongest at 
650 C (Refs. 1 2, 13), and at this tem
perature the required t imes are very 
short (of the order of seconds) (Refs. 
14, 15). Furthermore, heating rate, 
hold t ime, and the number of overlay
ing cycles play important parts in the 
process (Ref. 15). These points are 
important in understanding the mi 
crostructure of a HAZ that must ex
perience brief exposures to such 
conditions. 

Welding 

It has been demonstrated that the 
arc welding methods employing inert, 
protective gas produce sound joints of 
superior strength and toughness in 
maraging steel. Of these, the gas 
tungsten-arc welding (GTAW) pro
cess is easiest to control w i th respect 
to critical welding pa ramete rs . 
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Table 3 — Parameters for GTA Welding — by Passes 

bond line HAZ 

Fig. 3 — K configuration weld joint show
ing specimen and notch locations. BM = 
base metal, WM = weld metal zone, HAZ = 
heat-affected zone 

Accordingly, the GTAW process was 
chosen to weld the K-configuration 
joints shown in Fig. 3. The welding 
was parallel to the rolling direction. 
The HAZ that forms on the straight, 
perpendicular wal l of the joint has 
itself straight boundaries. This facil
itates the location of the notch and 
precrack in subsequently fabricated 
test specimens. The plates were hand 
welded w i th multiple passes using 
the parameters shown in Table 3. The 
fil ler metal (2 mm or 0.079 in. diam) 
composition is shown in Table 1, 
Radiographically acceptable welds 
were obtained when exceptional 
measures were taken to maintain 
cleanliness from pass to pass. (Ref. 
16). 

Weld Simulation 

A Smit weld simulator (Ref. 17) 
was employed to synthesize localized 
HAZ microstructures in the cross sec
tion of test specimens by controlled 
resistance heating and water cooling. 
Reference cycles were obtained by 
running a bead on the surface of a 
plate, and recording the temperature 
as a function of t ime at various 
selected distances from the weld 
fusion line. These reference cycles, in 
turn, provided a basis for constructing 
simple treatments that would sim
ulate the effect imposed by single 
pass welding. Peak temperatures of 
650, 700, 750, 800, and 1350 C 
were selected on the basis of micro-
structural analysis as those best 
suited to provide a critical survey of 
the strength and toughness behavior 
of the HAZ. 

The temperature history for each 
simulation specimen was controlled 
by a thermocouple spot welded to the 
surface at the middle of its length. A l 
though there was a considerable gra
dient from end to end, the temper
atures in the surface-to-surface 
planes were uniform. The phase 

Parameter 

Current, A 
Voltage, V 
Welding speed, cm/sec, 

in./min 
Energy input, k j / cm, 

kJ/in. 

1 

195 
13 
0.18 
4.2 

14.1 
35.8 

Pass number 
2 3 4 5 6 

210 210 230 210 210 
15 15 15 15 15 
0.18 0.13 0.18 0.18 0.09 
4.2 3.1 • 4.2 4.2 2.1 

17.6 24.2 19.2 17.6 35 
44.7 61.5 48.8 44.7 88.9 

KI/oV<rca"i L 

U 

0,9 

0,7 

0,5 

— ' — 
E2,v2 

Et.V) <=> K|Cp>K? 
—i2at— -!-<2ai— 

h 
h 

E2,v2 

E, = 18,5- IO3 kp /mm 2 

E2= 19,5-103 kp /mm 2 

v, = v2 = 0,3 / 

h/a = 0,5 

- K; 

- Ki 

i i 1 1 1 1 1 i i 1 » 

0 0,1 0,2 0,3 0 / 0,5 0,6 0,7 0,8 0,9 1,0 a/c 

Fig. 4 — Stress intensity factors for coplanar cracks located in a layered medium (Ref. 19) 

transformations occuring in each 
treatment were measured in situ by a 
dilatometer. 

Fracture M e c h a n i c s in Relat ion 
to the W e l d Jo in t 

In an elastic, isotropic, and homo
genous medium containing a crack, 
the stress intensity factor K for mode 
I loading is given by: 

K, o- (7ra) / 2Y (1) 

where o- is the gross section stress, a 
is the crack length, and Y is a factor 
which accounts for the boundary 
influences associated wi th a partic
ular configuration and loading mode 
(in this program, a three point bend 
system was used). 

In performing a fracture toughness 
test, a specimen containing a well de
fined fatigue precrack is loaded to fai l 
ure. According to fracture mechanics, 
the criterion for failure is described in 
terms of a critical stress intensity 
level w i th respect to the material. 
This is defined as the material 's frac
ture toughness. When constraint to 
deformation at the crack tip is severe 
enough to approximate closely the 
plane strain state of stress, the crit
ical stress intensity factor is called 
K|C . The procedure in determining a 
valid value for K|C has been specified 
by ASTM (Ref. 18). Under the condi

tions of this specification, the value 
so determined is independent of 
geometry, and consequently, it is 
desirable whenever possible to eval
uate toughness in terms of Kic . 

When the principles of fracture 
mechanics are applied to the study of 
a weld joint, the degree of microstruc
tural anisotropy and the state of resid
ual stress in the joint must be con
sidered. 

The effect of anisotropy on the 
stress distribution at the crack tip can 
be examined by referring to simple 
cases which can be handled analyt
ically. In Fig. 4, for example, the 
stress intensity solutions for a system 
for two coplanar cracks are shown 
contained in a layered medium in 
which the elastic constants are typ
ical for different zones of the weld 
joint (Ref. 19). The stress intensity 
factor K,' pertains to the inner tips, 
whi le K° applies to the outer tips of 
the cracks. When the cracks lie far 
apart (in Fig. 4 this corresponds to 
small values of a/c) there is no inter
action of the stress fields. K and K° 
become identical, and the representa
t ion is that of a single crack. K| for 
the layered medium is normalized by 
a (7ra)1/2 , the value of K for a homo
geneous medium, to permit direct ob
servation of the anisotropic influence. 
It can be seen that for the given differ
ence in elastic constants of the var-
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Fig. 5— Three point bend specimens for K lc determination 
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Fig. 6— Three point bend testing fixtures 
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Fig. 7 — Round bar tensile specimen with double reduced section 

ious microstructures represented in 
the HAZ of maraging steel, the ratio 
of K| /or (7ra),/2 is only about 2 or 3% 
less than one. It is concluded from 
this and further analytical results 
(Ref. 19) that the linear elastic stress 
analysis for an isotropic and homo
geneous medium is still appropriate. 

When determining critical stress 
intensity levels (K lc) as material 
values, the influence of the anisot
ropy and inhomogenity on the forma
tion of the plastic zone at the crack tip 

must also be considered. The size of 
the plastic zone influences the frac
ture toughness, i.e., the resistance 
against instable fracture, and that, in 
turn, can be defined as a function of 
the ratio of the elastic stress intensity 
factor K,c to an effective local yield 
strength which takes into account the 
differing plastic deformation behavior 
of the various microstructures and 
their interaction. In this program 
representative values of cry for local 
yield strength (0.2% offset in uniaxial 

tension) were determined from round-
bar tension experiments and used to 
check the validity criteria for K,c mea
surements (see also later). 

Wi th respect to residual stress it 
has been shown that the fol lowing 
observations are pertinent to marag
ing steel welds (Ref. 20): 

(1) The residual stress is dominant 
in the longitudinal direction (i.e. 
parallel to the weld); however, 
transverse residual stress at a 
much lower level also is devel
oped. 

(2) The residual stress is compres
sive along the weld centerline, 
balanced by tensile stresses in 
the HAZ on each side. 

Al l the specimens are taken trans
verse by cutting at right angles to the 
weld length. Their cracks are ex
tended in a direction through the 
thickness of the plate and in a plane 
parallel to the weld length (Fig. 3). 
Then only the minor transverse resid
ual stresses can superpose on the 
external applied stress, and they wi l l 
add or subtract according to their dis
tribution indicated in (Ref. 2). How
ever, their influence was not appar
ent when driving the fatigue crack 
through different zones of the weld. It 
is generally known that cutting the 
weld length in segments, as is done 
in preparing the small transverse test 
specimens, should lower the residual 
stress level. 

In summary, it appeared that the 
influence of residual stress on the re
sults of the program was insignificant. 

Evaluat ion of S t r e n g t h , 
Toughness and Micros t ruc ture 

To evaluate K,c , three point bend 
specimens as depicted in Fig. 5 were 
chosen. A preliminary program indi
cated that specimens taken trans
verse to the rolling direction wi th pre-
cracks directed through the thickness 
gave rise to the lowest fracture tough
ness values. Al l subsequent bend 
specimens were fabricated in this 
manner. Generally, the specimens 
were prepared to f inal dimensions 
(with chevron or straight notch) when 
the material was in the soft solution-
annealed condition. They were then 
aged and fatigue precracked prior to 
testing. In the case of the weld spec
imens, however, it was necessary to 
first prepare the specimens to rough 
dimensions only. Then, one of the 
side surfaces of each was polished 
and etched to reveal the weldment 
and HAZ. The position of the notch 
was located as desired, and then the 
preparation was continued as for the 
unwelded specimens. 

The specimen size (i.e. width and 
thickness) was limited by what could 
be treated in the Smit simulator. 
Thus, the width-thickness dimen
sions for all specimens were 1 0 ^ 1 0 
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mm wi th the precrack length being 5 
mm. The load fixtures were arranged 
so that specimens of all lengths could 
be tested; however, the major span 
length for each was 40 mm (1.58 in.). 
A clip gauge was designed to fit into 
knife edges mounted on the spec
imen adjacent to the notch. The 
assembled apparatus is shown in Fig. 
6. Load-displacement curves ob
tained from the tests were used to 
calculate K[c in accordance w i th the 
specified procedure (Ref. 18). 

The restrictions on specimen 
dimensions governing the determina
tion of K,c are given by: 

a, B > 2 . 5 ( K l c / o - Y f (2) 

where a is crack length, B is thick
ness, andcrY is the "ef fect ive" mate
rial's yield strength. Wi th a l imit ing 
crack length of 5 mm, the maximum 
valid Kic that could be measured was 
about 270 k p - m m " (76 ksi- in/ ' ) 
when the lower l imit ing yield 
strength was 190 k p / m m 2 (270 ksi). 

Tensile tests were performed using 
the specimen shown in Fig. 7. In con
sideration of the simulation treated 
specimens, the design was arranged 
such that the 690 C isotherm was 
always located in the lower-stressed 
shoulder of the reduced section. This 
is important due to the tendency for 
soft austenite to form and stabilize at 
this temperature. It was necessary to 
use longitudinal specimens to deter
mine the strength of the weldment 
and the transformed zone immediate
ly adjacent to it in an actual weld. 
Vickers hardness was also measured 
for each zone of interest. 

The most important microstructural 
features were considered to be the 
prior austenitic grain size and the per
centage of retained austenite. These 
were measured on the carefully 
ground and polished fracture surfaces 
of broken bend specimens. Electro
lytic etching w i th 10% Cr 2 0 3 revealed 
the prior austenitic grain outline quite 
clearly if the structure had first been 
age hardened. Ordinary etching wi th 
V2A Beize (50 ml HCI, 5 ml HN0 3 , 
0.15 ml Sparbeize inhibitor) devel
oped the austenitic-martensitic mi
crostructure and it was found that 
overlaying the second treatment on 
the first produced a microstructure in 
which all the salient features could be 
seen. Additionally, retained austenite 
content was measured by x-ray 
diffraction (Ref. 21). Grain size was 
determined by the intercept method 
in the prescribed manner (Ref. 22). 

Results and Discussion 

The weld joint was analyzed in 
terms of three areas of interest: (1) 
the weld metal zone, (2) the trans
formed zone, and (3) the dark etching 
zone. The microstructures and proper
ties of these areas are compared wi th 
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Fig. 8 — Microstructures and properties of simulated structures compared with the dark 
etching zone of a GTA weld. (Etch: electrolytic with 10%Cr203+ V2A Beize; X500, reduced 
35%) 

L& ~ peak temperature of simulation cycle 
« n - fracture toughness not fulfilling all ASTM specifications 
(J y - yield strength 

Hv50 - Vickers hardness, load 50 kp 
"/s = weight percent of retained austenite 

GS = prior austenitic grain size 

those of the simulation treated mate
rial in Figs. 8,9. The weld metal zone 
of the joint is seen in Fig. 1 2. 

The dark etching zone is character
ized by high stable austenite ( ys) con
tent distributed in a thin band at the 
" co ld " edge of the transformed zone. 
Such a distribution influences the 
accuracy of the determination, and 
the percentages reported must be 
considered as approximate. The ys 

gradient was severe, varying from 0 
to 50% in about 3 mm. The 650 and 
700 C simulation treatments devel
oped structures which corresponded 
w i th the weld's dark etching zone. 
However, the ys contents were uni
form in and around the central cross 
section of the specimen, and the 
overall levels were lower at 12 and 
2 1 % respectively. The higher level 
coming from the 700 C treatment is 

reasonable since the dilatometer in
format ion for all treatments showed 
a sharp phase change at 690 C. 

The area between the dark etching 
and weld metal zones consisted of 
transformed and recrystallized mar
tensite conta in ing v i r t ua l l y no 
retained austenite. The prior austen
itic grain size varied from about 24 / * 
at the edge of the dark band to about 
50A1 near the fusion line. The 750 and 
800 C simulation treatments pro
duced microstructures comparable to 
those seen in the recrystallized zone 
near the dark band, w i th the grain 
size being 24 and 2 6 / * respectively. 
Some ys in the amounts of 8% for the 
750 C treatment and 5% for the 
800 C treatment were measured, in 
contrast to the recrystallized zone. 
The 1350 C treatment developed a 
structure similar to the HAZ near the 

W E L D I N G R E S E A R C H S U P P L E M E N T ! 215-s 



• 

"•"igk*W,!i±.T' '"J% 1fr"V4' OTA w e l d , t r a n s t o r r e c zone 

2 

K = 226 i 24 Kp/rrar 

3 CTY
 = 2 0 9 Kp/mm 

"3 2 
jd flvjro = 594 Kp/mm" 

", r s = 0 - S°6 

j j GS - 24- 54u 

" * " 1 % . , . y * 
/ .-,' " 

• ; -i7~- 4';-? "\ 
'aPPi' * * ^ 
3- # -. 

Simulated s t r u c t u r e , J7Z = 750 

. : "V i* ' >* V 

" -/:? 

Ic 
18 2 i 9 Kp/mm 

2 

3/2 

<S".y - 209 Kp/mm 

UVSO » 600 Kp/mm^ 

r s • s '» 
GS = 2 4 M. 

S i m u l a t e d s t r u c t u r e , <</ „= 800 

Ic 

Y 

= 211 ± 10 Kp/mm 
2 

= 216 Kp/mm" 

3/2 

Hv.ro = 6 1 2 Kp/mm" 

Ts " s s 

GS = 2 6 p 

S i m u l a t e d s t r u c t u r e , ^ » 1350 i 

K, = 2 2 1 + 9 Kp/mm 

•> C Y = 202 Kp/mm" 
2 j* Hv-ro = 605 Kp/mm 

3/2 

2 % 

5 6 p 

/To: 9 — Microstructures and properties of simulated structures compared with the trans
formed zone of a GTA weld. (X500, reduced 35%) 

precracks from specimen to spec
imen in zones of equal Ys content due 
to the steep concentration gradient 
noted above. This gave rise to scat
tered KQ results, a detraction that 
was not observed in the simulation 
specimens. This serves to emphasize 
the importance of the weld simula
tion approach as an adjunct to direct 
testing of a weld joint. 

It can be seen from Figs. 8-11 that 
of all the structures represented in 
the weld joint, that of the weld metal 
zone is the most brittle, in spite of its 
low yield strength. However, the weld 
metal was largely ignored because its 
properties can be controlled by the 
fil ler metal composition. The dark 
etching zone developed fracture 
toughnesses varying from 246 to 337 
kp-mrrr"2 (69-95 ksi-in1.'2). The 
simulation results indicate that ys 

contents as low as 12% can elevate 
the fracture toughness significantly, 
which is in direct contrast to the weld 
metal zone results. It has been 
reported that the morphology ofy s in 
maraging steel exerts an important 
influence on fracture toughness (Ref. 
4). The point could not be pursued in 
this program because the martensite 
matrix of the weld metal was harder 
than that of the dark etching zone 
probably as a result of the higher Ti 
content due to the filler metal compo
sition. 

It is interesting to note that al
though the precrack location in spec
imens coming from the recrystallized 
part of the HAZ was random w i th 
respect to grain size, the K|C scatter 
was negligible. A detrimental inf lu
ence of increasing grain size on Kic 

is not apparent, an observation sup
ported by the results cf the 750, 800 
and 1350 C simulation treatments. 
This may be due to the fact that the 
overlying martensitic structure was 
uniform in size irrespective of the 
prior austenitic grain size. 

A metallurgical effect of as yet un
known origin appears to be influ
encing the toughness of the 750 C 
treatment. 

It can be seen in Fig. 10 that the 
K|C value is significantly lower than 
those of the other treatments and 
that of the base metal. 

bond line, the grain size being 56 M 
and the 7S content less than 2%. The 
weld metal zone of the joint consisted 
of dendrites of transformed marten
site containing a dispersion o f y 3 

pools. 
The plane strain fracture tough

nesses reported for all structures 
except those containing h ighy 5 con
tents are valid in accordance wi th 
ASTM specifications, and are identi
fied as K ic in Figs. 8 -11 . Values re
ported as KQ in these figures are con
sidered to be invalid only because the 
crack lengths were slightly too short, 

and they may be treated as good esti
mates of K|C . 

The number of tests was 5 as a min
imum for uniform structures and be
tween 10 and 20 for the weld struc
tures zones. In the figures mean 
values are given together w i th their 
standard deviation. 

Figure 12 shows a typical example 
of a load-displacement curve of a frac
ture mechanics test together wi th 
views of the fracture surface and the 
corresponding microstructure. 

Concerning the dark etching part of 
the HAZ, it was very difficult to locate 

Conclusions 

The fol lowing conclusions can be 
drawn regarding the fracture me
chanics analysis of a GTA welded 
joint of a grade 300 maraging steel: 

1. The plane strain fracture tough
ness K|C can be determined directly 
from the weld joint; however, weld 
simulation specimens offer an ex
tremely valuable supplement to any 
such testing program. 

2. Concentrations of retained aus
tenite ranging to 50% are found in a 
narrow region of the HAZ, apparently 
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f/'ff. 10 — Weld metal zone microstructure and properties (Etch: 
electrolytic with 10%>Cr2O3 + V2A Beize;X500, reduced 18%,) 
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Fig. 11 — Base metal microstructure and properties (Etch: elec
trolytic with 10%Cr2 03 + V2A Beize; X500. reduced 18%) 

BTS Probe Nr. 800 

Ps = PQ = Pmax = 600 kg 

0.5 displacement A [mm] 

Fig. 12 — Load-displacement curve of a fracture mechanics test of the transformed structure in the HAZ of a GTA weld, together with the 
microstructure in the region of the fatigue crack tip and a macrograph of the crack surface 

as a result of repeated very short t ime 
exposure to temperatures between 
650 and 700 C. The fracture tough
ness K|C in this zone is elevated sig-
nificently, but the attendent lowering 
of yield strength is not serious. 

3. Prior austenitic grain size in the 
recrystallized portion of the HAZ does 
not influence Kic . 

4. A possible embrit t l ing effect is 
associated w i th planes of the HAZ 
experiencing short t ime exposure to 
750 C. 
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v v n w Local Stresses in Spherical and Cylindrical Shells 

B u l l e t i n Due to External Loadings 
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(Reprinted April 1972) 

Several years ago, the Pressure Vessel Research Committee sponsored an analytical and experimen
tal research program aimed at providing methods of determining the stresses in pressure vessel nozzle 
connections subjected to various forms of external loading. The analytical portion of this work was ac
complished by Prof. P. P. Bijlaard of Cornell University. Development of the theoretical solutions 
involved a number of simplifying assumptions, including the use of shallow shell theory for spherical 
vessels and flexible loading surfaces for cylindrical vessels. These circumstances limited the potential 
usefulness of the results to d,/Z), ratios of perhaps 0.33 in the case of spherical shells and 0.25 in the 
case of cylindrical shells. Since no data were available for the larger diameter ratios, Prof. Bijlaard later 
supplied data, at the urging of the design engineers, for the values of B = 0.375 and 0.50 (d,/D, ratios 
approaching 0.60) for cylindrical shells. In so doing, Prof. Bijlaard included a specific warning 
concerning the possible limitations of these data. 

Following completion of the theoretical work, experimental work was undertaken in an effort to 
verify the theory. Whereas this work seemingly provided reasonable verification of the theory, it was 
limited to relatively small d,/D, ratios—0.10 in the case of spherical shells and 0.126 in the case of 
cylindrical shells. Since virtually no data, either analytical or experimental, were available covering the 
larger diameter ratios, the Bureau of Ships sponsored a limited investigation of this problem in spheres, 
aimed at a particular design problem, and the Pressure Vessel Research Committee undertook a 
somewhat similar investigation in cylinders. Results of this work emphasized the limitations in 
Bijlaard's data on cylindrical shells, particularly as it applies to thin shells over the "extended range." 

Incident to the use of Bijlaard's data for design purposes, it had become apparent that design engi
neers sometimes have difficulty in interpreting or properly applying this work. As a result of such experi
ence, PVRC felt it desirable that all of Bijlaard's work be summarized in convenient, "cookbook" form to 
facilitate its use by design engineers. However, before this document could be issued, the above men
tioned limitations became apparent presenting an unfortunate dilemma, viz., the data indicate that the 
data are partially inadequate, but the exact nature and magnitude of the error is not known, nor is any 
better analytical treatment of the problem available (for cylinders). 

Under these circumstances, it was decided that the best course was to proceed with issuing the 
"cookbook," extending Bijlaard's curves as best as possible on the basis of available test data. This deci
sion was based on the premise that all of the proposed changes would be toward the conservative (or 
"safe") side and that design engineers would continue to use Bijlaard's extended range data unless some 
alternative were offered. This paper was therefore presented in the hope that it would facilitate the use 
of Bijlaard's work by design engineers. 

Since the paper was originally issued, a number of minor errors have been discovered and incor
porated in revised printings as supplies were exhausted. The third revised printing was issued in April 
1972. 

The price of Bulletin No. 107 is $3.00. Copies may be ordered from the Welding Research Council, 345 
East 47th St., New York, N. Y. 10017. 
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