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ABSTRACT. The instrumented Char
py impact test was used for the de
termination of the dynamic fracture 
toughness, K ,d , the material tested 
being Novonox AP 17 precipitation-
hardening stainless steel. Two series, 
each of one type of specimen, were 
prepared, viz. unwelded samples cut 
perpendicularly, and EB (electron-
beam) welded specimens cut parallel, 
to the rolling direction. Two striking 
velocities — 100 mm/s and 5.000 
mm/s — were applied. The spec
imens used were chevron-notched 
Charpy samples precracked by fa
tigue. Investigations were carried out 
at four temperatures: room temper
ature, 0 C, - 3 0 C, and - 6 0 C. 

Strain rates on the elastic-plastic 
boundary at the c rack t ip were 
calculated on the basis of Irwin's 
analysis. Yield-stress values for each 
testing condition were determined. A 
strain rate and tempera ture de
pendence of the yield strength was 
observed for both the base metal and 
the EB weldments. The strain rate 
sensitivity remained unchanged at all 
testing temperatures. Fracture tough
ness values were calculated from the 
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first or second load oscillations on the 
load-time diagram, corrected for the 
inertia effect. 

Differences in the fracture tough
ness results were observed between 
those obtained with small Charpy 
specimens and those to be expected, 
on the basis of extrapolation, from 
large specimens, although both types 
of specimen fulfilled the plane-strain 
conditions. These were attributed to 
two principal factors, viz. sample 
geometry and certain features of the 
load-time diagram. Differences were 
also observed in the fracture tough
ness behaviors of the base metal and 
the EB weld. In large specimens the 
strain rate sensitivity was found to be 
constant at all testing temperatures. 

The sharp differences established 
between the measured values of frac
ture toughness of the base metal and 
of the EB weldment are the result of 
structural dissimilarities. EB welding 
leads to an acicular structure, which is 
much more brittle than that of the 
base metal. 

A power law relationship usefully 
correlates the results of yield strength 
and fracture toughness obtained with 
large specimens. No such fit could be 
established for small impact spec
imens. 

At low strain rates and high (room) 
temperature the fracture surface con
sisted predominantly of dimples re
sult ing f rom microvoid fo rmat ion. 
With decreasing temperature and in
creasing strain rate the fracture sur
face more and more consisted of in

tergranular cleavages. Some differ
ences were observed between the 
fracture topographies of base metal 
and EB weldment samples. 

Introduction 
Instrumented Charpy V-Notch Tests 

In recent years, the limitations of 
the Charpy V-notch impact test as a 
measure of the resistance to fracture 
have become increasingly apparent. 
A number of invest igators have, 
therefore, introduced innovations in 
the standard test in order to make it 
more informative and provide knowl
edge on the deformation processes 
and fracture mechanisms. 

The application of linear elastic 
fracture mechanics to the quantita
tive evaluation of material perfor
mance under loading conditions, and 
the introduction of the plane-strain 
fracture toughness (K !c ) as a fracture 
safe design parameter, have given 
added impetus to the application of 
this test to fracture mechanics in
vestigations. Just as. however, the 
fracture load cannot be determined 
from a conventional Charpy test, the 
dynamic fracture toughness K|d , too, 
may not be deduced from it. 

In the last twenty years, various 
methods of measurement have been 
developed in order to obtain records 
of load versus time and load versus 
deflection from the conventional im
pact test (Refs. 1-9). One of the prime 
purposes of almost all those in
vestigations was to provide answers 
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to the questions: (a) can the instru
mented Charpy test be used to de
termine the fracture toughness of a 
material, especially steel, and (b) can 
those results be considered as valid. 

T h e s e q u e s t i o n s a r e of i m 
portance, since the introduction of 
the instrumented Charpy technique 
for dynamic fracture toughness 
measurements will reduce the costs 
of these measurements consid
erably. 

The main objection to the con
ventional impact testing methods is 
that , excep t at the lowest t e m 
peratures, the commonly used Char
py V-notch test does not produce brit
tle fractures, which are of essential in
terest in practical applications. Even 
when a brittle fracture is achieved, it is 
generally a post yield cleavage in 
most metals. 

Fracture Toughness Measurements 
by Instrumented Impact Test 

First attempts to establish fracture 
toughness values from impact test 
measurements were rather frustrat
ing because of the absence of elastic 
conditions, which are essential in 
fracture mechanics considerations. 
To suppress plastic deformation, dif
ferent techniques were used. Kobay-
aski et al (Ref. 10) used specimens 
with carbur ized surfaces. Crit ical 
cleavage stresses and fracture tough
ness values were established on the 
basis of work by Winne and Wundt 
(Ref. 11). Kanezawa et al (Ref. 12), 
using Charpy's pressed notch 
specimens, determined the fracture 
toughness values of Kc from the load 
at the onset of brittle crack propaga
t ion. The Kc values obtained at dif
ferent temperatures did not fully 
agree with the results obtained from 
the tension tests. 

Radon and Turner (Ref. 13) intro
duced fatigue precracked and side-
grooved impact specimens. This ex
perimental procedure led to an es
sential increase of the temperature at 
which fracture passed from below to 
above yield cleavages. For mild steel, 
the shift was found to be ~60 C (from 
- 4 0 to +20 C). The experimental pro
cedure referred to permitted the in
troduction of below yield conditions, 
in which linear elastic fracture mech
anism may be applied to a tem
perature of direct engineering in
terest. 

The appl icat ion of fa t igue-pre-
cracked specimens to impact testing 
produces "dynamic" condit ions for in
itiation as compared with the "static" 
conditions prevailing in the standard 
testing procedure. In order to dis
tinguish between the two, the sym
bol K|C is used for "static" fracture 
toughness, and the symbol K,d for 
dynamic crack initiation. There are 
still some doubts as to whether valid 

Kw values can be derived from an in
s t rumented impact test using fa-
t igue-precracked side-grooved Char
py specimens. These doubts stem 
f r om some as yet uncon t ro l l ed 
parameters connected with the ex
periments and with the specimen 
geometry: the interpretation of the d i 
agrams, the effect of side grooving, 
the small size of the specimen, etc. It 
is rather doubtful if direct proof of the 
interpretation of KM can ever be ob
tained from a study of the Charpy test 
alone. Turner (Ref. 14) reported re
sults obtained by other techniques 
with a view to providing comparative 
data. Generally these results support 
the K,d values obtained in instru
mented Charpy tests, provided a cor
rection for the effects of specimen in
ertia is made. 

Tetelman et al (Ref. 15) developed 
a model which is capable of predict
ing the temperature dependence of 
K|C (K td ) on the strength of tough
ness measurements at low t em
perature when the values of <ry are 
known over the temperature range of 
interest. On the basis of low tem
perature measurements of K|d with 
an instrumented Charpy test, the 
model also permits prediction of the 
K,d values for higher temperatures. 
In its final form the relation between 
fracture toughness K|C (K,d ) and 
other mechanical and geometrical 
properties is given by: 

K,c U>) = 2.9,r [expVp-'-1)-1] , /V7>• 
where: 

ay = yield stress 
P = root radius of the crack 
o-f * = critical value of tensile 

stress 
It can be seen that fracture tough
ness varies with the root radius of the 
crack. On the other hand, Wilshaw 
et al (Ref. 16) have shown expe
rimentally that the fracture tough
ness decreases only until the root 
radius reaches a finite value, p0, the 
"condit ion of limiting sharpness." In 
that condit ion, the lowest value of 
fracture toughness is given by: 

K|c(Po) = 2.9 f f y [exp(J-1)-1]Vo 
(2) 

The reasons for the effects of " l imit
ing sharpness" are d iscussed by 
Tetelman et al (Ref. 17). The "l imiting 
sharpness" of a crack is independent 
of temperature and strain rate. Con
sequently K|C values are strictly de
termined from the temperature and 
strain rate dependence of <ry, assum
ing af * to be temperature and strain 
rate independent (see Eq. 1). Most 
steels have a pl0 within the limits of 
0.025 to 0.125 mm, so that Charpy 
specimens with a s tandard root 
radius p may conveniently be used in 
establ ishing the temperature de
pendence of K |C . The suggested ex-

ID 

perimental procedure is described in 
Ref. 15 where some of the evalua
tions by Wullaert (Ref. 18) and Green 
and Handy (Ref. 19) are used. Follow
ing the analysis of low temperature 
yield behavior of the BCC metals by 
Bennett and Sinclair (Ref. 20), which 
is based on the rate theory, changes 
in (TV may be described by the tem
perature and strain rate parameter 
RT In A / e : 

<rv = f(RT In A/e) (3) 

where: 
R = gas constant 
T = absolute temperature 
e = strain rate 
A = frequency factor 

Since temperature and strain rate are 
to some extent interchangeable, a 
strain rate increase may be simulated 
by a temperature reduction. This 
could lead to the conclusion that dy
namic fracture toughness values are 
obtainable f rom static measure
ments (Ref. 21). 

Tetelman and Server (Ref. 22) used 
precracked Charpy speciments of A-
533B steel to obtain data of Kw and 
compared them with existing static 
and dynamic fracture toughness data 
obtained by other means. Static Kic 
values were taken from the work of 
Shabbits et al (Ref. 23), while dy
namic values were taken from results 
reported by Crosley and Ripling (Ref. 
24) and Shabbits (Ref. 25). Server and 
Tetelman (Ref. 22) showed that there 
is excellent agreement between data 
ob ta ined on p r e c r a c k e d Charpy 
specimens and those obtained by 
Shabbits (Ref. 25) on compact tension 
specimens. Schmidtmann and 
Scherber (Ref. 21) examined five 
different steels under static and dy
namic loading. Fracture toughness 
measurements were made with small 
and with large specimens. For small 
specimens, the instrumented Charpy 
technique was used. They found that, 
generally, good agreement exists be
tween the K i d values determined by 
means of instrumented Charpy tests 
on small specimens and those ob
tained with large specimens. The in
fluence of strain rate on fracture 
toughness is the more marked the 
more the static yield stress is raised 
by the strain rate and the greater the 
temperature dependence of K i c . 
Estimating fracture toughness on the 
basis of the parameter T In A/K(Ref . 
26), (ecvK) could lead to erroneous re
sults. Schmidtmann and Scherber 
(Ref. 21) also questioned the method 
proposed by Barsom and Rolfe (Ref. 
27) for predicting the dynamic frac
ture toughness by shifting the static 
Kic vs. T curve along the temper
ature axis by the amount corre
sponding to the shift f rom impact 
bending (CVN) to slow bending. 

The present paper describes the 
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Table 1 — Chemical Composition of the Investigated Steel (wt. %) 

Steel Si Mn Cr Ni Mo Al Co Ti 

Novonox 
AP17'a» 0.067 0.36 0.98 0.020 0.023 16.96 7.16 — 1.09 

(a) Corresponds to 17-7 PH stainless steel 

RD-Rolling Direction 

BM- Specimen 

RD 

BM-Bose Metol 

EB-Specimen 

EB-Electron Beom 
Welded 

Fig. 1 — Orientations of unwelded and 
welded specimens used in this inves
tigation 

Fig. 2 — Shape of EB weld; X 9, reduced 
52% 

static and the dynamic performance 
of precipitation-hardened stainless 
steel under conditions of fracture in
stability. Some of the results pre
sented are taken from a previous in
vestigation by Weiss et al (Ref. 28). 
The study was performed on the base 
metal and the weld fusion zone. 

Materials: 
Experimental Procedure 

The material used in this investiga
tion was Novonox AP17 precipita
t ion-hardening stainless steel. Its 
chemical composit ion and mechan
ical properties, obtained with static 
loading at room temperature, are 
given in Tables 1 and 2. Unwelded 
samples were cut perpendicular to 

Table 2 — Mechanical Properties of 
the Base Metal and the Welded Joint 

Y.S.,[ 

Mater ia l , a ) 

Novonox 
AP17 
Welded 
joint 

0.2%, 
kg /mm 2 

115 

122 

UTS, 
kg /mm 2 

130 

137 

Elong., 
% 

13 

— 

(a) Before welding, the steel was annealed at 1050 C 
and air cooled (condition A). After EB welding, 
samples were heated to 70 C. held for 90 min. and 
then cooled to +5 C (condition T). Precipitation 
hardening was applied at 560 C for 90 min, followed 
by air cooling to room temperature (condition 
TH1050). 

(b) The yield stress (YP0J) of the WFZ was measured 
with the aid of strain gages (0.6 mm effective length). 

the rolling direction, the EB welded 
specimens parallel to it (see Fig. 1). 
The energy input to the EB (electron 
beam) welding was 5 kJ /cm (12.8 
kJ/in.). A cross section of the weld is 
shown in Fig. 2. 

An instrumented Charpy machine 
MFL-System model SPH III with max
imum work capacity of 22 kgm was 
used. This machine permits the appl i
cation of two striking velocities, of 100 
mm/s and 5000 mm/s respectively. 
The smaller velocity is achieved by 
means of a small striker located on 
the side of the machine, and the 
higher one with the larger striker. 

Deflection is indicated by the angle 
of the striker which pushes a ferrite 
rod into an induction coil, thus chang
ing its inductivity, which in turn affects 
the voltage across the coil. These 
changes are amplified and regis
tered by a carrier-frequency bridge, 
and this signal appears as an ex
ternal input on the screen of the 
Cathode Ray Memory Oscilloscope. 
When the angle of the striker reaches 
a certain value characteristic for that 
impact machine, an additional pulse 
causes a brightening of the oscillo
scope screen, which improves the 
opt ica l reg is t ra t ion of the load 
changes. Loads were measured with 
resistance strain gages mounted on 
either side of the striker and con
nected to a dc amplifier. The result
ing signal is fed into the Y-axis input 
of the oscilloscope. 

Time, too, is recorded by the oscil
loscope, the angle of the striker 
serving as indicator. When the angle 
reaches a certain value, a trigger 
pulse is transmitted from the impact 

machine to the deflection unit of the 
oscilloscope ("external tr igger" input). 
The beam beg ins to t rave l and 
records the time of every event. The 
time scale of the oscil loscope is ad
justable. The calibration of the ma
chine is supplied by the maker was 
repeated, a dummy specimen being 
used. The pendulum was pressed 
against the specimen by a specially 
built screw jack. This method of 
calibration is a static one but had to 
be accepted for the dynamic mea
surements, since dynamic load cal
ibration poses great difficulties. Static 
and dynamic calibrations were also 
made for time and for deflection in the 
manner suggested by Server and 
Tetelman (Ref. 22). In fracture tough
ness measurements, neither time nor 
deflection are of prime interest, but 
the time records are useful for the 
inertia corrections (Ref. 14). 

As an additional calibration of the 
system, the comparison between the 
directly and the indirectly measured 
energies may be considered. Figure 3 
shows the relationship between the 
energy calculated from the area un
der the load-time curves and the con
ventionally measured energies. An al
most one to one correlation will be 
seen to exist between these energy 
data, although they were arrived at by 
different means. 

The "chev ron" -no tched Charpy 
specimens (see Fig. 4) were fatigue-
precracked by the three point bend
ing, with the bending moment in the 
plane of the specimen. The stresses 
at the notch tip were kept in constant 
tension, the minimum stress being set 
so as to be just sufficient to ensure the 
smooth operation of the fatigue ma
chine. In order to be certain of pre
venting the formation of a large plas
tic zone ahead of the fatigue crack 
( "b lunt ing") , which inf luences the 
fracture toughness measurements 
(Ref. 29), the rate of fat igue-pre-
cracking was maintained at approx
imately 0.005 pm/s . This is signif
icantly less than the maximum value 
r e c o m m e n d e d for h igh s t reng th 
steels (Ref. 30). 

The investigations were carried out 
at four temperatures, viz. room tem
perature, 0, - 3 0 , and - 6 0 C. The 
specimens were held immersed in a 
liquid coolant at the test temperature 
for fifteen to twenty minutes. They 
were then taken out and immediately 
tested in the Charpy machine. The 
period from the time the specimen 
was taken out until the completion of 
the test was between four and six 
seconds. Figure 5 shows temper
ature changes vs. time measured on a 
dummy specimen with the aid of a 
thermocouple inserted in it. It will be 
seen that the temperature remained 
practically constant for the time it took 
the experiments to be carried out. 

The fracture toughness K,c was 
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calculated from the equation used in 
fracture mechanics for three point 
bending (Ref. 31). 

K,c = 
6YMa'' 

BW2 
(4) 

where: 
Y = 1.93-3.07(a/W) + 14.53(a/W)2 

- 25.11 (a/W)3 + 25.8(a/W)4 

M = bending moment 
a = crack length 
B = specimen thickness 

W = specimen width 

Since the standard Charpy spec
imen has a definite geometry, it is 
easy to prepare a computer plot for 
representing the dynamic fracture 
toughness as a function of the load 
and a crack-dependent parameter: 

K, = P x Y'(a) (5) 

where: 
P = load as determined from the 
oscilloscope traces, 
Y'(a) = crack-dependent parameter 

The validity of the K!c values was 
determined in accordance with the 
pertinent ASTM standard (Ref. 30). 
The values of K,c /o-y were ca l 
culated for each testing temperature 
and strain rate, which later differs 
from the loading velocity. 

Strain rates for fracture toughness 
tests (on the elastic-plastic boundary 
at the crack tip) were calculated on 
the basis of the analysis worked out 
by Irwin (Ref. 32). 

= 2<7y (6) 

tE 
where: 

i = strain rate at the elastic-
plastic boundary 

<r = yield stress for the given 
y test temperature and 

strain rate 
t = loading t ime 
E = Young's modulus of elasticity 

Assuming the loading rate to be 
constant as a first approximation, Eq. 
(6) may be written in the form: 

2o-„ 
(7) 

y K 
KE 

where: 
K = stress-rate intensity parameter, 
K = stress-intensity factor 

It is apparent that, for strain rate 
calculations, the yield stress of the 
material at a particular temperature 
and strain rate must be known; but 
while yield stress can be determined 
at the desired temperature, the strain 
rate must be stated. Since approx
imate values of K characteristic for 
both striking velocities are known 
from the literature (Ref. 21), the ap
prox imate o- values were deter
mined by the authors from the func
tional dependence, <ry vs. RT In A/ e 
established for the steel used in a pre
viously published work (Ref. 28). 

2 4 6 8 VO 12 14 16 
OBSERVED ENERGY FROM PENDULUM (kgm) 

Fig. 3 — Comparison between directly 
measured energy from striker and in
directly measured energy from area of 
loadtime curves 

Results and Discussion 
Metallographic Examinations 

Specimens of Novonox AP17 steel 
were annealed at 1050 C and air 
cooled (condition A). The EB welding 
was done after treatment to condi
tion A. Subsequent heat treatments 
were as follows: (1) Heating to 760 C, 
holding for 90 min, and then cooling 
to + 5 C (condition T); and (2) precip
itation hardening at 560 C for 90 min, 
followed by air cooling to room 
temperature (condition TH1050). Fig
ure 6 shows the microstructure of 
the base metal, the heat-affected 
zone, and electron beam weld in the 
TH1050 condit ion. In the base metal, 
stringers of ferrite in the martensite 
matrix are discernible. In the EB 
weldment, ferrite is present in the 
form of aciculars characteristic of the 
Widmannstatten structure. 

Interpretation of Load-Time Records 

Correct interpretation of the load-
t ime (displacement) records o b 
tained in the instrumented Charpy 
tests is o f - m a j o r i m p o r t a n c e in 
evaluating the experimental results. 
Kennish (Ref. 33) showed that a com
parison can be made between the 
ana log p red i c t i ons and the os 
cil loscope record of the impact test in 
the elastic region. Since it is fracture 
in this region that is generally being 
studied, the effects of test variables 
can be examined on the analog with 
some confidence. 

Radon and Turner (Ref. 9) ob
served that the first oscillation on the 
load-time record is primarily due to 
the inertia of the specimen and not 
to its resistance to fracture. They eval
uated the inertia corrections for 
three-point bending as a function of 
a/w (a = depth of the notch [crack], 
w = width of the specimen), and sug
gested that for load-t ime records 

w 

L 

Fotigue Crack 

Chevron Notch 

Fig. 4 — The "Chevron"-notched Charpy 
specimen 

o 0°C 
• -30°C 
« -60°C 

Fig. 5 — Changes in temperature during 
transfer from cooling machine to impact 
machine 
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Fig. 6 — Transition of microstructures 
from the EB weld to the base metal. 
Stringers of ferrite in the martensite matrix 
are observed in the base metal. In the EB 
weld, ferrite is present in the form of 
aciculars, characteristic of the Widmann
statten structure 

dropping smoothly from the first or 
subsequent oscillation, the peak load, 
appropriately corrected for inertia, 
is a realistic measure of load from 
which K|d can be derived by using 
Eq. 4. 

Venzi et al (Ref. 34) indicated the 
likely errors from taking the maximum 
load registered by either the striker or 
the anvil as the fracture load of the 
specimen. Some delay was always 
observed between the load as reg-
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Fig. 7 — Oscilloscope trace showing load 
vs time dependence from Charpy impact 
test on precracked fatigue specimens. EB 
weld specimen; testing temperature 60 C; 
striking velocity 5000 mm/s; load scale 125 
kg/div; time scale 50 ns/div 

2fc3°K (-30M 
773°K [o»c: 
SCO** ( m m 

^ r ^ -

Fig. 8 — Yield strength (0.2% offset) versus 
elastic strain rate (base metal) 

• 21J*K {-60*C) 
2 4 3 - M - W C ) 
27J»K ( 0 " C ) 
300*K (room XtrroGmW 

ELASTIC STRAW RATE I 

Fig. 9 — Yield strength (0.2% offset) versus 
elastic strain rate (EB weld) 

B l l 1 2 1 3 1 4 1 5 1 8 1 7 
RATE PARAMETER. RTlnA/€ ( » ' a* /mol ) 

Fig. 10 — Yield stress versus the 
temperature-strain rate parameter for the 
base metal and for EB welds. 

istered on the pendulum and that 
on the anvil. This is because during 
initial impact a balance is briefly es
tablished between the inertial load on 
the specimen and the reaction of the 
striker. Values of fracture toughness 
calculated from the maximum load 
registered by the instrumented striker 
or the anvil will lead to erroneous 
results, as will fracture stresses cal

culated from the inertial load, below 
the transition temperature. Venzi and 
his colleagues suggested that frac
ture stress determination could be 
based on the measurements of the 
t ime to fracture. 

Fearnehough and Nichols (Ref. 35) 
attributed the appearance of dis
continuity in the load-time records in 
the elastic region to the tensile stress 
wave, which is reflected from the back 
face of the striker and thus attenuates 
the original compressive wave. This is 
not borne out by the results obtained 
by the present authors, who used an 
acous t i c em iss ion t echn ique . A 
transducer was located on the back 
face of the striker, and the appear
ance of the elastic stress wave vs. 
t ime was measured in parallel with 
the functional dependence of striking 
load vs. t ime. None of the peaks ob
served in the elastic region of the im
pact diagram was found to be in 
phase with the peak of the reflected 
stress wave. 

Schmidtmann and Scherber (Ref. 
21) analyzed the load-time records in 
light of experiments performed on 
specimens of different geometries 
made from aluminum and steel. Their 
results support the evaluation by 
Krish and Ladshmanan (Ref. 36). The 
first ocillation in the load-time record 
is a result of an interaction between 
the inertia force of the specimen and 
the impact load. Only in the next os
cillation is the specimen pressed 
against the anvil and deformed until 
fracture takes place. A small delay al
ways occurs between the maximum 
value of the fracture load shown on 
the impact diagram and the real frac
ture load. 

Server and Tetelman (Ref. 22) cal
culated the fracture toughness values 
from the maximum load taken from 
the oscil loscope traces of the impact 
load-time diagram. 

In the present work, the fracture 
toughness was calculated from the 
first or the second load oscillation 
(dependent on the character of the 
load-time diagram) corrected for iner
tia effect (Ref. 9). Figure 7 shows a 
typical load-time record obtained in 
this investigation. 

Temperature and Rate 
Dependence of Yield Stress 

Experimental results concerning 
the dependence of the yield strength 
(0.2% offset) on the strain rate of 
different testing temperatures are 
shown in Figs. 8 and 9. An obvious 
rate and temperature dependence of 
the yield stress is observed for both 
the base metal and for the EB weld, 
indicating that the experiments were 
performed in the strain rate sensitive 
region. The strain rate sensitivity re
mains unchanged at all testing tem
peratures (constant slope). 

The experimental results reported 

are for strain rates lower than those 
customary in impact tests, especially 
at the striking velocity of 5000 mm/s. 
But since there is a definite linear 
relationship between the yield stress 
and the elastic strain rate, the values 
of <ry for higher strain rates can be ob
tained by extrapolation. The main dif
ficulty is lack of information about the 
strain rate, i , at the elasto-plastic 
boundary at the crack tip in the pre
cracked Charpy specimen. Although 
the strain rate is given by Eqs. 6 or 7, 
the yield stress must be known in 
order to define the strain rate. For 
solving the problem, the yield stress 
vs. temperature-strain rate param
eter, RT In (A/e), obrained for the 
base metal and the EB weldment, was 
used (see Fig. 10). 

From Fig. 10 it is evident that the 
time and temperature dependence of 
the yield behavior of the base metal 
as well as of the EB weld can be de
scribed by a single curve. The exact 
functional relationship is difficult to 
predict because of the absence of in
formation about the functional rela
tionship between yield stress and the 
apparent activation energy of the 
metal considered (Ref. 20). 

It can, however, be shown that the 
experimental results presented in Fig. 
10 may be easily fitted into the follow
ing two relationships: 

rry = 2.175 X 103 [RT In (A/e)]-0-3 

for the base metal, and 

o-y = 1.607 X 103 [RT In (A/e)]-0-273 

for the EB weldment 

The character of both equations is 
similar: 

ny = C [RT In ( A / e ) ] m (8) 

A = frequency factor taken to be 
108 s~1 after Sinclair and Ben
nett (Ref. 20) 

C = constant 
m = constant exponent 

Equation 8 may be combined with Eq. 
7 in order to find the strain rate.e , at 
the elasto-plastic boundary near the 
crack tip: 

e = BC ( R T r m [ In ( A / f ) ] " m (9) 

°i= D [ In ( A / e ) ] " " 1 0 ° ) 

where 
B = 2K_ 

EK 
D = BC (RT)"11 

It is seen from Eq. 10 that in order 
to obtain strain rates for different 
striking velocities and different tem
peratures, the values of K and K must 
be known. They have been taken from 
the literature (Ref. 21) and from a pre
vious work by the present authors 
(Ref. 28). For the striking velocity: 

V, = 100 mm/s, K = 10" kg 
mm3 '2 s 

For the striking velocity: 
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Table 3 — Calculated Values 
of Strain Rates 

Base metal EB weld 

Temp., K, e, e, 

K kg m m 3 ' 2 s ' s ' 8~1 

213 

243 

273 

300 

-10* 

-10" 

-10" 

-10" 

0.985 

0.946 

0.912 

0.887 

1.957 

1.875 

1.824 

1.773 

213 

243 

273 

300 

-106 107.5 192.0 

-106 103.3 184.1 

-106 99.6 179.2 

106 96.8 174.3 

5000 mm/s, K = 106 kg 
mm3 '2 s 

For the base metal a critical stress 
intensity factor K of 140 to 180 kg 
mm 3/2 was assumed depending on 
the testing temperature. 

For the electron beam weld values 
of K were assumed to be between 70 
to 100 kg mirr3 '2 according to tem
perature. Young's modulus of elas
ticity was assumed to be the same for 
the base metal and the electron beam 
weld. Table 3 presents the calculated 
values of strain rates at the elasto-
plastic boundary. 

It will be seen from Table 3 that the 
strain rate the elasto-plastic boundary 
slightly decreases with increasing 
testing temperature but for practical 
purposes it may be assumed to be 
approximately 10° s~1 for both base 
metal and electron beam welding at a 
striking velocity of 100 mm/s. For a 
velocity of 5000 mm/s a strain rate of 
approximately 102 s ' 1 may be as -
sumed for both the base metal and 
the EB weldment. Knowledge of the 
strain rate for each set of testing con
ditions permits the yield stress <jy to 
be obtained from Figs. 8 and 9. This is 
important for the evaluation present
ed in the next paragraphs. 

Effect of Temperature and 
Rate on Fracture Toughness 

The fracture toughness results for 
the base metal and the EB weldment 
at different test temperatures and 
strain rates are shown in Figs. 11 and 
12. These results, do not include the 
plastic zone correction. Introduction 
of this correction would considerably 
complicate the collocation formula. 
The crack length used in calculating 
the K,c values is not the estimated 
average length of the actual crack 
after the precracking process, but a 

1 
3 

O • 213-K (-60°C) 
D • 243°K (-30°C> 
A A 273»K ( 0"C) 
O • 300°K (room temperature) 

IO'3 io"' io'' io" to' io2 

STRAIN RATE ON THE ELASTIC-PLASTIC BOUNDARY (sec'1) 

Fig. 11 — Effect ot temperature and strain rate at the elastic-plastic boundary on fracture 
toughness (base metal). White circles, large specimens; black circles, small Charpy 
specimens 

O • 213°K (-60°C) 
D • 243°K (-30°C) 
A A 273°K ( 0°C) 
O • 300°K (room temperature) 

" ~A _ _ _ 

10'' 10° 10' to2 

STRAIN RATE ON THE ELASTIC-PLASTIC BOUNDARY (sec"') 
103 

Fig. 12 — Effect of temperature and strain rate of the elastic-plastic boundary on fracture 
toughness (EB welds). White circles, large specimens; black circles, small Charpy 
specimens 

crack length corrected for the stress 
relaxing effect of the plastically de
formed zone at the tip of the crack. 

In the present work the plastic cor
rection was neglected, since it does 
not substantially affect the accuracy 
of the K|C measurements for plane 
strain conditions. In a previous work 
(Ref. 37), it was shown that for high 
strength steels the use of the plasticity 
correction would increase the K jc 

value by a maximum of 10%. Since 
the scattering of experimental results 
was within ±5%, the plasticity cor
rection could be neglected. 

Figures 11 and 12 inc lude ex
perimental results obtained on large 
specimens tested by three-point 
bending in a 10 ton Schenk hydro-
pulse testing machine and small spec
imens tested by instrumented Char
py impact. Each point is a mean value 
of 4-5 measurements. All reported 
results on large as well as on small 
specimens fulfill the requirements of 
the plane strain conditions given by 
the relation: 

B < 2.5 (Kic )2 

- (VVT 
(11) 

The yield stress <ry, for each testing 
condit ion, was established from Figs. 

8 and 9 using strain rates calculated 
by means of Eq. 10. It can be seen 
that results obtained in impact tests 
on small impact specimens some
times differ f rom results obtained, or 
expected on the basis of extrapola
t ion, with large specimens. Dif
ferences were observed in the be
havior of the base metal and the EB 
welds. In the base metal a substantial 
increase in K !c was observed in small 
samples with the increase in the strain 
rate, although according to the linear 
relationship between the Kic and 
strain rate based on experimental 
results on large specimens, a drop in 
K|C values would be expected (see 
Fig. 11). For strain rates ~102 s_1 the 
ratio of K,c (small specimens) to K!c 

(large specimens) for all testing tem
peratures was found to be almost the 
same, viz. ~ 1.4. 

Kraft and Eftis (Ref. 38) suggested 
an upturn in K !c values for crack 
moving at high speeds, and attributed 
it to the instability of the elastic wave 
pacing the crack. This idea, although 
generally accepted, has not been 
proven experimentally. It would be 
rather difficult to accept that at a strik
ing velocity of ~5 m/s ( e 102 s -1) this 
upturn trend in K,c was reached. The 
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fact that the experimental results for 
large and small samples at rates 
e 10° 8 - 1 are very close, is not suf

ficient evidence therefor. 
In the EB spec imens, f racture 

toughness decreases with the in
crease in strain rate; but results ob
tained with the instrumented Charpy 
test on small specimens are f rom 10% 
to 40% higher — depending on the 
testing rate and the temperature — 
than those on large specimens. The 
source of these rather drastic dis
crepancies in the experimental results 
produced by different measurement 
techniques is not clear. It seems to the 

Fig. 13 — Delamination on fracture sur
face specimen tested at room tem
perature. Striking velocity 100 mm/s; 
X 6.5, reduced 31% 

authors that the following two factors 
may chiefly contribute to them: 
(a) Different sample geometr ies, 

which may play a certain part but 
are difficult to quantify, and 

(b) Misinterpretation of the load-time 
diagrams. 

In this work inertia corrections were 
i n t r o d u c e d fo r c a l c u l a t i n g the 
dynamic fracture toughness value; 
but the problem of determining the 
true bending load at the point of frac
ture instability would still appear to 
be unsolved. All analyses and 
suggestions given by different work
ers, and partly described in previous 
chapters of this report, are better or 
worse approximations. In certain ex
p e r i m e n t a l c o n d i t i o n s the d i f 
ferences between results obtained 
with small impact specimens and 
those achieved with large specimens 
are small, and agreement between 
the two sets of results is accordingly 
considered to be good, as has been 
reported by Server and Tetelman 
(Ref. 22) and Schmid tmann and 
Scherber (Ref. 21). This is, however, 
far from sufficient, and it is the au
thors' opinion that means must still be 
devised for the correct evaluation of 
the load-time diagrams obtained from 
instrumented impact tests. 

The relevant model will have to 
consider the relationships between 
the elastic constants of all masses in-

"*< "^H 

Fig. 14 — Effect of temperature on delamination. All samples tested with striking velocity 
100 mm/s. (a) Testing temperature, room temp.; (b) testing temperature, 0 C; (c) testing 
temperature, -30 C; (d) testing temperature, -60 C 

volved, and the frequency, phase and 
relative amplitude of the oscillations 
occurring during the impact test; but 
such a task is far beyond the scope of 
t h e p r e s e n t w o r k . For l a r g e r 
specimens the strain rate sensitivity, 
which may be defined by the linear 
dependence between Kic and e, was 
found to be almost constant at all 
testing temperatures, (see Figs. 11 
and 12). The decrease of Kic w i t h i n -
creasing strain rate (for all testing 
temperatures) was found to b e ~ 7 x 
10~1 kgcm 3 ' 2 s_1. This strain rate sen
sitivity is much lower than that gen
erally observed in low strength steels. 
Although the slope of the linear de
pendence between Kic and strain 
rate, expressing the strain rate sen
sitivity of K\c , is almost the same for 
base metal and EB weldments, the 
measured values of K|C for the base 
metal are much higher than those for 
the K|C of the welds. 

The ratio of (K,c ) BM to (K,c ) w 

was found to be between 1.8 to 2.4 for 
all temperatures and strain rates 
within the limits chosen in the present 
work. These drastic differences be
tween the measured fracture tough
ness values of the base metal and the 
EB weldments are a result of struc
tural differences. The process of EB 
welding results in an acicular struc
ture (see Fig. 6) which is much more 
brittle than the structure of the base 
metal. 

The base metal often exhibits a 
s t rong tendency to in te rna l d e 
lamination, especially at room tem
perature (see Fig. 13). With de
creasing temperature, the tendency 
to internal delamination decreases. At 
- 6 0 C the d e l a m i n a t i o n e f fec t 
appears to have ceased almost com
pletely (see Fig. 14). Similarly, but to a 
lesser extent, de laminat ion is in
fluenced by the strain rate. The higher 
the strain rate at constant t em
perature, the smaller the probability 
of delamination. The appearance of 
internal delamination is a result of the 
presence of free ferrite. The cracks 
caused by delamination propagate 
along the stringers of free ferrite (Ref. 
28). 

Assuming empirical mathematical 
relationship in the form of a power-
law between fracture toughness and 
yield strength (Ref. 39), all sets of data 
obtained on large specimens were ex
amined in accordance with that law, 
which may be written in the general 
form: 

o-y =_[K| £J_-

K (12) 

Where a and ft = constants, different 
for different materials. 

Since a,a 1 is independent of strain 
rate and temperature, the power-law 
relationship in its final form may be 
given as: 

222-8 I J U L Y 19 75 



p-y _ 

c 
(Kic) - f l (13) 

Figures 15 and 16 are graphical 
representations of Eq. 13 applied to a 
set of data for the base metal and the 
EB weldments. For large specimens 
the fit is rather good, despite ex
tensive scattering. For small, impact 
specimens, on the other hand, the re
sults do not fit at all. They do not even 
show a trend similar to that of the 
large specimens. This may be con
sidered as additional evidence for the 
imcompatibil i ty of the experimental 
results obtained with large, and those 
obtained with small, specimens when 
different measuring techniques are 
involved. 

Fractographic Examinations 

A scanning electron microscope 
was used for fractographic studies. 
The area investigated extended from 
the end of the fatigue crack to about 
2 mm below it. Some differences were 
observed in the results obtained un
der different testing condit ions (strain 
rate, temperature) in either kind of 
specimens. 

In the base metal, at low strain rates 
and high (room) temperature the 
fracture surface consisted pre
dominantly of dimples resulting from 
microvoid formation (Fig. 17). With 
dec reas ing t e m p e r a t u r e and i n 
creasing strain rate the fracture sur
face more and more consisted of in
tergranular cleavages (Fig. 18). High 
magnification showed small precip
itates located on the grain boundaries 
(Fig. 19). 

In EB specimens the fracture sur
face topography differs slightly from 
that in the base metal. Figure 20 
shows the fracture surface of a sam
ple broken at a low strain rate and at 
room temperature. The surface is a 
mixture of low-energy cleavage frac
ture with typical cleavage facets and 
of ductile rupture characterized by 
d i m p l e s . Wi th dec reas ing t e m 
perature and increasing strain rate 
the dimples gradually disappear and 
the f ractured surface assumes a 
c l e a v a g e - t y p e a p p e a r a n c e w i th 
typical cleavage facets and cleavage 
tongues (Fig. 21). Locally, the frac
ture may be either transcrystalline or 
intercrystalline. 

Summary 

The instrumental Charpy impact 
test was used for the determination of 
the dynamic fracture toughness of 
Novonox AP 17 precipitat ion-harden
ing stainless steel. Two series of 
specimens were prepared, viz, un
welded samples cut perpendicularly, 
and EB (electron beam) welded 
samples cut parallel, to the rolling d i 
rection. Two striking velocities, 100 

mm/s and 5000 mm/s , were applied. 
The specimens used were chevron-
notched Charpy samples precracked 
by fatigue. Investigations were car
ried out at four temperatures: Room 
temperature, 0, - 3 0 , and - 6 0 C. 
Strain rates on the elastic-plastic 
boundary at the crack tip were cal
cu la ted on the bas is of I rw in 's 
analysis. These calculations showed 
that the strain rates on the elastic-
plastic boundary reached during the 
test were: approx. 102 s~1 at a striking 
velocity of 5000 mm/s , and approx. 
10° s~1 at a striking velocity of 100 
mm/s. 

Fracture toughness values were 
calculated from the first or the second 
load oscillations on the load-time dia
gram, as corrected for inertia effect. 
The result ing f racture toughness 
values were compared with those ob
tained on large precracked spec
imens of the base metal and the EB 
weldments tested in dynamic bend
ing at strain rates ~ 1 0 " s_1, ~10 2 s~1 

and ~10° s_1 and at the same tem
peratures. Fracture toughness values 
of large specimens at higher strain 
rates were predicted on the basis of 
extrapolation. This was possible be
cause of the linear dependence be
tween the fracture toughness values 
and strain rates at all testing tem
peratures. 

Differences in the fracture tough
ness results were observed between 
those obtained with small Charpy 
specimens and those obtained with 
large specimens, although both types 
of specimens fulfilled the plane strain 
conditions. In the base metal a sub
stantial increase in K|C was o b 
served in small samples with the in
crease in the strain rate although be
cause of the linear relationship be
tween K|C and strain rate, based on 
e x p e r i m e n t a l r esu l t s on l a rge 
specimens, a drop in K|C might be 
expected. In the EB specimens, frac
ture toughness decreases with in
creasing strain rates, but results ob
tained with the instrumented Charpy 
test on small specimens were 10% to 
40% higher than on large specimens. 

These discrepancies in the experi
mental results were attributed to two 
p r i n c i p a l f a c t o r s , v i z . s a m p l e 
geometry and certain features of the 
l o a d - t i m e d i a g r a m . For l a r g e 
specimens the strain rate sensitivity, 
defined by the linear dependence be
tween fracture toughness and strain 
rate, was found to be almost con
stant. The sharp di f ferences es
tabl ished between the measured 
values of fracture toughness of the 
base metal and of the EB weldment 
are the result of s t ructura l d is 
similarities. EB welding leads to an 
acicular structure, which is more brit
tle than that of the base metal. 

A power-law relationship usefully 
correlates the results of yield strength 

and fracture toughness obtained with 
large specimens. No such fit could be 
e s t a b l i s h e d f o r s m a l l i m p a c t 
specimens. An obvious rate and tem
perature dependence of the yield 
stress was observed for both the base 
metal and for the EB welds in large 
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Fig. 15 — Variation of plane strain frac
ture toughness and yield strength with 
temperature and strain rate in the base 
metal. White circles, large specimens; 
black circles, small Charpy specimens 
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Fig. 16 — Variation of plane strain fracture 
toughness and yield strength with 
temperature and strain rate in the EB 
welds. White circles, large specimens; 
black circles, small Charpy specimens 

Fig. 17 — Fracture surface (base metal) 
consisting predominantly of dimples 
resulting from microvoid formation. 
X 1000, reduced 45% 
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F/gr. 18 — Fracture surface (base metal) 
consisting predominantly of intergranular 
cleavages. X 1400, reduced 45% 

Fig. 20 — Fracture surface (EB weld) con
sisting of mixture of low-energy cleavage 
and ductile rupture. X 1000, reduced 45% 

Fig. 19 — Intergranular cleavages (base 
metal). Small precipitates may be seen on 
the grain boundaries. X 3000, reduced 
45% 

s p e c i m e n s . T h e s t ra in ra te sens i t i v i t y 
r e m a i n s u n c h a n g e d at all t es t i ng t e m 
p e r a t u r e s . B e c a u s e of a de f i n i t e l inear 
r e l a t i o n s h i p b e t w e e n the y ie ld s t ress 
a n d the e las t ic s t ra in ra te , t h e va lues 
of y ie ld s t ress fo r h i g h e r s t ra in ra tes 
c a n be o b t a i n e d by e x t r a p o l a t i o n . In 
o r d e r t o d e f i n e t he y ie ld s t ress fo r 
d i f f e r e n t s t r a i n r a t e s a n d t e m 
p e r a t u r e s t he t e m p e r a t u r e - s t r a i n ra te 
p a r a m e t e r , RT 1n ( A / e ) o b t a i n e d for 
t h e base me ta l a n d the EB w e l d m e n t , 
w a s u s e d . 

T h e b a s e m e t a l o f t e n e x h i b i t s a 
s t r o n g t e n d e n c y t o i n t e r n a l d e 
l a m i n a t i o n espec ia l l y at r o o m t e m 
p e r a t u r e . W i t h d e c r e a s i n g t e m 
p e r a t u r e t he t e n d e n c y is d i m i n i s h e d . 
S i m i l a r l y , b u t t o a l e s s e r e x t e n t , 
d e l a m i n a t i o n is i n f l u e n c e d by t h e 
s t ra in ra te . T h e a p p e a r a n c e of in te r 
na l d e l a m i n a t i o n is a resu l t of t h e 
p r e s e n c e of f r ee fe r r i t e . 

In t h e base m e t a l , at low s t ra in ra tes 
a n d h igh ( r o o m ) t e m p e r a t u r e , t h e 
f r a c t u r e s u r f a c e c o n s i s t e d p r e d o m 
inant ly of d i m p l e s , bu t w i th d e c r e a s 
ing t e m p e r a t u r e a n d i n c r e a s i n g s t ra i n 
ra te the f r a c t u r e s u r f a c e c a m e to c o n 
s is t m o r e a n d m o r e of i n t e r g r a n u l a r 

Fig. 21 — Cleavage facets and cleavage 
tongues (EB weld). X 1500, reduced 45% 

c leavages . In EB s p e c i m e n s the f r a c 
tu re s u r f a c e t o p o g r a p h y d i f f e r s s l i gh t 
ly f r o m tha t in t he b a s e m e t a l . 

Acknowledgment 

The authors are greatly indebted to Min-
Rat. Mr. W. Simmler (German Ministry of 
Defense) for his personal interest in the 
performance of this research, and to the 
German Ministry of Defense for its f inan
c ia l s u p p o r t . The ass is tance of all 
colleagues of the AFAM is gratefully ap
preciated. Appreciation is also extended to 
Mrs. Graf for metallographic work and to 
Mr. Denkena for his contr ibut ion to the ex
perimental work. 

References 

1. Korber, F. and Storp, A. A., "Ueber 
den Einsluss der Probenbreite und der 
Temperature auf den Kraftterlauf Beim 
Kerbschlagversach," Mittelugen aus dem 
Kaiser Wilhelm Institut fur Eisenforschung, 
8, (1926), 8. 

2. Augland, B., "Fracture Toughness 
and the Charpy V-Notch Test," British 
Welding Jour. 9, (1962), 434. 

3. Tardif, H. P. and Marquis, H., "Force 
Measurements in the Charpy Impact Test," 
Canadian Metals Quarterly, 2. (1963), 373. 

4. Cotterell, B., "Fracture Toughness 
and the Charpy V-Notch Impact Test," 

British Welding Jour., 9, (1962), 83. 
5. Fearnehough, G. D. and Hoy, C. J., 

"Mechanism of Deformation and Fracture 
in the Charpy Test as Revealed by Dy
namic Recording of Impact Loads," JISI 
202, (1964), 912. 

6. Tanako, M. and Nunomura, S., "The 
Re la t i onsh ip Be tween the T rans i t i on 
Temperature and the Load in the Charpy 
Impact Test and the Tensile Properties of 
Steel," Bulletin, Tokyo Inst. of Tech., 60, 
(1964), 13. 

7. Nielson, A., "Brief Report on Impact 
D i a g r a m T e s t i n g , " Dansk T e k i n s k 
Tiksskrift, No. 9, (1965). 

8. Buys. E. C. J., "Instrumentation of the 
Charpy V-Notch Impact Test," Report 
M67-1R(23)-50705 Metaalinstitunt TNO, 
Delft, (1967). 

9. Radon, J. C. and Turner, C. E., "Frac
ture Toughness Measurements by In
strumented Impact Test," Eng. Fracture 
Mech., 1, (1969), 411. 

10. K o b a y a s k i , T., Taka i , K. and 
Manina, H., "Transition Behaviour and 
Evaluation of Fracture Toughness," Trans. 
Iron and Steel Inst. of Japan, 7(1967), 115. 

11. Winne, D. H. and Wundt, B. M., 
"Appl icat ion of the Griff ith-lrwin Theory of 
Crack P r o p a g a t i o n to the Burs t i ng 
Behaviour of Disks Including Analytical 
and Experimental Studies," Trans. ASME 
80, (1958), 1643. 

12. Kanezawe, T., Machida, S. and 
Nimura, Y., "Fracture Mechanics Analysis 
on Instrumented Charpy Test," Document 
X-403-67, Inter. Inst. of Weld. 

13. Radon, J. C. and Turner, C. E., 
"Note on the Relevance of Linear Fracture 
Mechanics to Mild Steel," JISI, 204, (1966), 
842. 

14. Turner, C. E., "Measurements of 
Fracture Toughness by Instrumented Im
pact Test," Impact Testing of Metals, 
ASTM STP 466, (1970), 93. 

15. Tetelman, A. S., Wullaert, R. A. and 
Ireland, D., "Predict ion of Variation in 
Fracture Toughness from Small Specimen 
Tests." P r o c e e d , on Conf . Prac t i ca l 
App l ica t ion of Fracture Mechanics to 
Pressure-Vessel Technology, (1971), 
Paper C23/71 , p. 85. 

16. Wilshaw, T. R., Rau, C. A. and 
Tetelman, A. S., "A General Model to Pre
dict the Elastic-Plastic Stress Distribution 
and Fracture Strength of Notched Bars in 
Plane Strain Bending," Eng. Fract. 
Mech., 1, (1968), 191. 

17. Tetelman, A. S., Wilshaw, T. R. and 
Rau, C. A., "The Critical Tensile Stress 
Criterion for Cleavage," Int. Jour. Fract. 
Mech. 4, (1968), 147. 

18. Wullaert, R. A., "Appl icat ions of the 
Instrumented Charpy Impact Test," Im
pact Testing of Metals, ASTM STP 466, 
(1970), 148. 

19. Green, A. P. and Hundy, B. B., 
"Initial Plastic Yielding in Notch Bend 
Tests," Jour. Mech. Phys. Solids, 4, (1965), 
128. 

20. Bennett, P. E. and Sinclair, G. M., 
" P a r a m e t e r Rep resen ta t i on of Low-
Tempera tu re Yield Behaviour of BCC 
Transition Metals," Jour. Bas. Eng. Trans. 
ASME, 88, (1966), 518. 

21. Schmidtmann, E. and Scherber, H., 
"The Effect of Strain Rate on the Charac
teristic Value of the Linear-Elastic Fracture 
Mechanics Determined on Large and 
Smal l Spec imens , " Mater ia lpruf , 15, 
(1973), 73. 

22. Server, W. L. and Tetelman, A. S., 
" T h e U s e of P r e c r a c k e d C h a r p y 

224 -8 I J U L Y 1 9 7 5 



Specimens to Determine Dynamic Frac
ture Toughness," Eng. Fracture Mech., 4, 
(1972), 367. 

23. Shabbits, W. 0. , Pryle, W. H. and 
Wessel, E. T., "Heavy Section Fracture 
Toughness Properties of A-533-B Class I 
Steel Plate and Submerged Arc Weld
ment," HSSTP-TR-6, (1969). 

24. Crosley, P. B. and Ripling, E. J., 
"Crack Arrests Fracture Toughness of 
A-533 Class I Pressure Vessel Steel," 
HSSTP-TR-B, (1970). 

25. Shabbits, W. O., "Dynamic Fracture 
Toughness Properties of Heavy Section 
A-533-B Class I Steel Plate," HSSTP-TR-
13, (1970). 

26. Corten, H. T. and Shoemaker, A. K., 
"Fracture Toughness of Structural Steels 
as a Function of the Rate Parameter T i n 
A /e , " Jour. Basic Engng. 89, (1967), 86. 

27. Barsom, J. M. and Rolfe, S. T., 
"Correlations Between K|C and Charpy V-
Notch Tests Results in the Transit ion-
Temperature Range," Impact Testing of' 
Metals. ASTM STP 466, (1970), 281. 

28. Weiss, B. Z., Steffens, H. D., Seifert, 
K. and Staskewitsch, E., "The Effect of Low 
Temperature and Strain Rate on Fracture 
Instabil i ty in Welded Joints of High 

Strength Steels," Weld. Res. Abroad, XX, 
(March 1974), 26. 

29. Bush, A. J., "Dynamic Fracture 
Toughness Tests on A302-B Steel," Impact 
Testing of Metals, ASTM STP 466, (1970), 
259. 

30. Plane Strain Fracture Toughness 
of Metallic Materials. ASTM Standards, 
E 399-70T, part 3 1 , (1970), 911. 

3 1 . Brown, W. F. and Srawly, E. J., 
"Plane Strain Crack Toughness Testing of 
High Strength Metallic Materials," ASTM 
STP 410, (1966). 

32. Irwin, G. R., "Crack Toughness 
Test ing of Strain Rate Sensit ive Ma
terials," Jour. Engng. for Power, Trans. 
ASME A86, (1964), 444. 

33. Kennish, P., "An Analogue Com
puter Model of the Charpy Impact Test," 
Committee Document A/79, Oct. 1968, 
Navy Department Advisory Committee on 
Structural Steel. 

34. Venzi, S., Priest, A. H. and May, 
M. J. , "Influence of Inertial Load in Instru
mented Impact Tests," Impact Testing of 
Metals. ASTM STP 466, (1970), 165. 

35. Fearnehough, G. D. and Nichols, R. 
W., "Fracture Mechanics Considerations 
in Charpy Impact Test," Intern. Jour. 

Fract. Mech. 4, (1968), 245. 
36. Krisch, A. and Lakshmanan, R., 

" E l e k t r i s c h e K r a f t u n d D u r c h -
b i e g u n g s m e s s u n g e n be im K e r b s c h -
lagversuch," Arch. Eisenbuttenwes. 41 , 
(1970), 91 . 

37. Weiss, B. Z., Steffens, H. D. and 
Seifert, K., "Fracture Toughness of the 
Heat Affected Zone in 14CrMoV69 and 18 
Ni Maraging Steels," Welding Journal, Vol. 
51 (9) Sept. 1972, Res. Suppl . pp 449-s 
to 456-s. 

38. Eftis, J. and Krafft, J. M., "A Com
parison of the Initiation with the Rapid 
Propagation of Cracks in a Mild Steel," 
Trans. ASME (B), 187, (1965), 257. 

39. Hahn, G. T., Hoagland, R. G. and 
Rosenfield, A. R., "The Variation of KlC 

with Temperature and Loading Rate," Met. 
Trans. 2, (1971), 537. 

40. Shoemaker, A. K. and Rolfe, S. T., 
"Static and Dynamic Low-Temperature 
K|C Behaviour of Steels," Jour. Basic 
Eng. Trans. ASME 91 , (1969), 512. 

41 . Rosenfield, A. R. and Hahn, G. T., 
"Numerical Description of Ambient Low-
Temperature, and High Strain Rate Flow 
and Fracture Behaviour of Plain Carbon 
Steel," Trans. ASM 59, (1966), 963. 

WRC Bulletin 203 
February 1975 

"Niobium and Vanadium-Containing Steels for Pressure Vessel Service" 
by J. N. Cordea, Armco Steel Corp. 

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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