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sSummary

Instrumented Charpy tests were performed over a wide range of temperatures on
1°394 in, 0200 in, and 0-100 in thick samples of Fe-3% Si and mild steel. Some
ot these samples contained two small holes, drilled through the thickness near
the notch tip. From dynamic load-time curves, the increase of triaxial constraint
prior to general yield and the mechanisms of plane strain relaxation after general
vicld were quantitatively defined for both undrilled and drilled bars of each
thickness. For undrilled samples, the results indicate that thinner bars have up
to 50% greater notch strength at low temperatures where all samples cleave prior
'o peneral yielding, and that the nil-ductility transition temperature decreases
markedly with decreasing thickness (as much as 80°C). These two improve-
ments in thinner bars result from the reduced rate at which triaxiality builds up
vith applied load and the lower maximum constraint obtained at general yield,
respectively. After general yielding, relaxation of constraint by through-thickness
plane stress) deformation occurs at smaller bend angles in thinner samples.
C"onsequently, the ductility transition temperature, defined by a sharp rise in
iacture strength and toughness, decreases with decreasing thickness but not at
the same rate as the nil-ductility temperature. Two drilled holes produce com-
parable improvements in both the low temperature strength and transition
hehavior in each of the thicknesses investigated. The means by which holes
reduce the triaxiality in thinner samples is discussed quantitatively, in terms

't the combination of plane strain relaxation mechanisms which operate and the
‘hickness dependence of each.

Introduction

I'racture mechanics studies [1-4] on sharply cracked specimens of high
vield strength materials have shown that at a given temperature, decreas-
ing thickness causes the fracture toughness K, to increase from its
lower limiting value Kq; and the fracture appearance to change from the
completely flat (opening) mode to a mixture of the opening and shear lip
(45°) modes. Similarly, the notch impact transition temperature of mild
steel, as defined by a sharp rise in impact energy or non-crystalline
fracture, decreases with decreasing specimen thickness [5-8]. These
beneficial effects of decreasing thickness are generally ascribed to a
decrease in plane strain triaxial constraint, at a given plastic zone size
before general yield or nominal strain after general yield, but no quanti-
tative study of the effect of thickness on triaxial constraint has been
reported. The first purpose of the present investigation was to define the
ctfect of specimen thickness on the build-up of triaxial constraint with
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increasing local deformation and the maximum possible constraint, in
notched bars of mild steel and Fe-3% Si, tested in a temperature range
where fracture occurs by complete cleavage without shear lip formation.
The results on the Fe-3% Si are also used to show that even in a com-

tion temperature (by 50°C) and increase the notch bar fracture strength at
low temperatures, in Specimen of standard thickness (0-394 in). The

combinatijon jg effective because the holes reduce constraint through a
change in the in-plane, plane strain deformation mode, while the reduced

thickness induces a change in deformation mode from plane strain to
plane stress.

Experimenta] procedure
The two materials used in this Study are described below in Table 1.

Table 1

Grain size
Alloy c Mn Si Ni P S (1073 in) Condition
Steel 0:24  0-24 047 o 031 - 0007 — 08 Hot rolled
Fe-Sj 0-01 - 325 - = - 210 Annealed

Steel 0:24 js a fine-grained, commercial mild steel consisting of 25
volume percent pearlite colonies and some semi-continuous carbides at
ferrite grain boundaries; the Fe-Sj is a coarse-grained, single phase
material.

All specimen dimensions were those of the standard V-notch Charpy
except the thickness (t) as specified. Drilled Specimens contained two
0-0292 in diameter holes, located as shown in Fig. 3. Each thickness
was prepared by grinding equal amounts from top and bottom of a % in
plate so that in each thickness the specimen center coincided with the
Plate center. The notch was cut transverse to the rolling direction, and
holes were drilled prior to vacuum annealing of Fe-Si for one hour at
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875°C. Steel samples were tested in the hot rolled condition. Impact-
bend tests were performed on a Wiedemann-Baldwin, SI-1, 240 ft 1b ma-
chine (17 ft/sec impact velocity) whose pendulum striker was specially
nstrumented to record the load applied to the bar during the test. The
instrumentation was similar to that used by others [11-17] and is described
~-1§ewhere [10, 18] along with the calibration procedure which was per-
formed for each thickness bar. For this study, the instrumented Charpy
test provided distinct advantages over slow-bend tests. First, the transi-
tion region of both materials is raised to higher temperatures so that the
region where failure occurs prior to general yield could be studied exten-
sively. Second, the temperature dependence of the flow stress is reduced
markedly at high strain rates, thereby spreading the region of interest
over a wider temperature ran ge.

At approximately % ° increments of plastic bend angle, slow-bend
samples were unloaded, and the change in thickness was measured by both
interferometry and a calibrated microscope. Specifically, a partially re-

placements by a Straightforward calculation which accounts for the linear
lilt of the optical flat. At bend angles greater than 4°, fringes became
too close together to count conveniently. By using a calibrated Specimen
stage (0-001 mm per division) on a Leitz microscope and focusing at
various points below the notch, contraction measurements were obtained
at bend angles up to 10°,

kxperimental results

A. Fracture studies on Standard samples of varying thickness

Migs. 1 and 2 summarize the vield and fracture behavior of 0-100 in,

0-200 in, and standard 0-394 in thick notched samples at various test
temperatures. Nommalizing all results to the standard Charpy area, reduced
thickness produces the following changes:

(1) The notch strength of thinner samples is up to 50% greater than
standard Charpys at low temperatures, where all samples cleave prior to
veneral yielding.

(2) The nil-ductility temperature, where fracture occurs just at general
vielding, T, (see Fig. 3), decreases with decreasing thickness as
summarized in Table 2.

(3) Above the nil-ductility temperature, general vielding precedes
fracture, but cleavage occurs at small bend angles until the ductility
'ransition temperature (T\') is reached, where the bend angle increases

markedly prior to failure. Table 2 summarizes the effect of thickness on
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the two transition temperatures. In mild steel, the ductility transition was
always accompanied by a change in fracture initiation mode from cleavage
to fibrous tearing. In 0-2 in thick Fe-Si, however, fracture occurred by
100% cleavage both above and below the ductility transition. In 0-1 in
thick Fe-Si, cleavage was not dbserved above Ty .

(4) The normalized general yield loads (Pgy ) of 0-200 in and 0-100 in
samples are nearly identical and 6-8% below that of the standard thick-
ness (0-394 in) samples.

Table 2

The effect of two 0°0292 in holes on the impact transition temperatures, general
yield load, and ultimate load of various thickness samples of mild steel and
Fe-Si

Mild steel Fe-Si

t- !- t. t- t- t-
0:394 in 0°200 in 0°100 in 0°394 in 0-200 in 0-100 in

Nil-ductility T -15 -30 -60 90 15 10
Temperature  Tpy -55 -76 -102 40 -20 -15
o 4T} -40 -46 —42 -50 -35 -25
Ductility Ty +10 -10 -40 90 60 40
Transition ' Tph -50 -55 -90 60 45 0

temperature
o
Fracture to

both holes
(o)

’

Tng =50 -45/-60 -55 60 60 60

Change in
general yield
load (%)

A4Fgy -11 =7 -7 =11: S -9 -9

Change in
ultimate
load (%)
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(5) At higher temperatures where specimens of all thicknesses are
ductile, plastic instability occurs at a smaller plastic bend angle and
correspondingly lower ultimate load in thinner samples.

B. Fracture studies on drilled samples of varying thickness

1. Standard thickness (t=0-394 in)

Fig. 3 compares the fracture results of standard thickness mild steel
Charpy samples with those containing two 0-0292 in diameter holes. The
significant changes resulting from the introduction of holes are as follows:

(1) At very low temperatures (T <140°C), drilled samples are only
10% stronger than standard Charpys. Fracture occurs by 100% cleavage
at less than 30% of the extrapolated general yield load.

(2) Between ~140°C and —40°C, the fracture strength of drilled sam-
ples increases much more rapidly with temperature than does the strength
of standard samples. Consequently, the load carrying capacity of drilled
samples is up to 70% higher than that of standard bars even though both
cleave prior to general yielding. In this temperature range, the fracture
path in drilled samples may include one hole or neither hole with similar
improvements observed in either case.

(3) Two holes reduce both the nil-ductility and ductility transition
temperatures significantly as summarized in Table 2. The ductility tran-
sition of drilled bars results when shear failure occurs between the notch
sides and both holes. The notch then has two tips in the form of elon-
gated holes from which reinitiation of fracture is much more difficult [9].
Holes did not change the amount of post-brittle (shear-lip) energy so that
the total Charpy energy is proportional to the plastic bend angle.

(4) Both the general yield and ultimate loads of drilled bars are 5-10%
below those of standard Charpy specimens at all temperatures.

2. Thinner samples (t = 0-200 in, 0-100 in)

(1) At low temperatures, two holes drilled in thinner bars improve
the notch strength by the same relative magnitudes obtained in the stan-
dard thickness.

(2) Holes reduce the nil-ductility temperatures by similar amounts in
all thicknesses as summarized in Table 2.

(3) Holes reduce the ductility transition temperature, but the magnitude
depends on thickness and the alloy (Table 2).

(4) At a higher temperature where shearing occurs between the notch
and both holes, there is a second sharp increase in the fracture energy.
The temperature (T, Table II) at which this occurs is nearly independent
of thickness.

(5) Both the general yield and ultimate load of thinner samples are
reduced by two holes. The magnitudes of the reductions (510%) are
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similar to those produced in standard thickness bars, but they decrease
slightly with decreasing thickness as shown in Table 2.

C. Transverse displacement measurements

In all thicknesses, contraction of plain notched bars is a maximum at the
notch tip and decreases monotonically (roughly linearly) to zero at
approximately 3'5 mm below the notch (neutral axis). In drilled bars, the
maximum contraction also occurs at the notch root, but there is a region
between four and eight root radii below the notch (1-2 mm) where the con-
traction increases slightly with distance from the notch before decreasing
to zero at 3-5 mm below the notch.

In order to evaluate the effect of variations in thickness, notch con-
traction was converted to average transverse strain by dividing by the
thickness. The effect of thickness and holes on the average transverse
Strain at a point 2 root radij below the notch tip is summarized in Fig.

4 (above general yield) and Fig. 6 (below general yield). In both standard
and drilled samples, the average transverse strains increase nearly
linearly with plastic bend angle after general yield (0'6 °). At corres-
ponding bend angles, the transverse strains are considerably higher in
plain bars of reduced thickness. However, two holes have little effect
on the average transverse strain prior to general yielding (Fig. 6), and
they actually reduce the average transverse strains beyond general yield-
ing (Fig. 5).

Discussion

A. Fracture before general yielding

Initial yielding occurs when the applied nominal stress (oy), raised
locally by elastic stress concentration factor (4-2), exceeds the uniaxial
yield stress at the notch tip (o¥). That is, when

ok
Oy = 4*}’ (1)

N

In three point bending of the Charpy bar the applied load (PLy ) to pro-
duce yielding is calculated from the simple beam formula (10), P,y (1b)=
3-9%x10~ oy (psi). For zpplied loads greater than Pry , plastic zones in
a perfectly plastic material develop in the form of logarithmic spirals,
Producing longitudinal stresses o, within the plastic zone which are
given by Hill [19]

Oyy (X) = o [1 +In (1 + %)] 03}
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where x is the distance below the notch root and p=0-010 in is the radius
of curvature of the notch root. The maximum tensile stress occurs at the
elastic-plastic interface x= R and is given by

opAx a;‘ Ka(p)

Koy =1+ 1In(1+R/p) 3

where Kopy is the plastic stress concentration factor, and R=R(P/oy)
is the plastic zone size, which depends on the applied load and yield
stress [20, 21].

Hill [19] has shown that there is a plastic zone size beyond which
Koy no longer increases, and Green and Hundy [22] have theoretically
calculated the maximum value of Ko@) to be

Kmu

P =218 4)

1+

]

N
NS

for the Charpy notch. Recently, Ewing [23] has shown that equation (4) is
not strictly applicable to the Charpy geometry. His more exact calcula-
tions show the actual value of K2&) for the Charpy bar is 1-95.

Low temperature cleavage fracture occurs in notched specimens of mild
steel and Fe-Si when an unstable microcrack is nucleated ahead of the
notch and grows into a fast running macrocrack. Various investigators
(21, 24-27] have shown that in mild steel this occurs when the maximum
tensile stress o3*® exceeds a critical value (o/%) which is roughly inde-
pendent of temperature. The low temperature cleavage fracture criterion
for a notched bar is therefore given by

T* = 0F Kagy = f*
or
i
Koy = Koy (T) = —2— [ at P/o# - Py /0§ )
og (T)

The critical plastic stress concentration factor wa must increase with
temperature as o (T) decreases, in order to satisfy equation (5); conse-
quently the critical plastic zone size increases with temperature.

In previous work with this mild steel [10], the dynamic yield stress
o (T) was generated as a function of temperature and used to calculate
a7%=174,000 psi from instrumented Charpy results. Substituting a,* and
0}’,“ for each temperature into equation (5) yields the critical stress
intensification required to cause cleavage at each temperature, K§¢py(T).
The experimental fracture loads at corresponding temperatures thus
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define directly the increase of Kq(p with applied load for the geometry
tested. A similar procedure has been used by Hahn and Rosenfield [28]

to analyze sharply cracked plates and by Knott [29] to analyze V-notched
bars. :

The plastic stress concentration factors for the various thickness,
plain and drilled bars were developed in this way T and are summarized in
Fig. 5. No attempt is made to distinguish between stress intensification
by plastic constraint and that which may result from local strain harden-
ing, since the steel is not ideally plastic. However, the latter contribution
is believed small prior to general yielding, as evidenced by the agree-
ment between the experimentally measured maximum constraint (2:01) and
that calculated by Ewing [23] for an ideal plastic Charpy bar (1-95).
Furthermore, for applied loads up to half that for general yielding, con-
straint in the standard Charpy bar agrees very well with that predicted
theoretically by Wilshaw, Rau, and Tetelman [21] for an ideal plastic
materic

It is apparent that constraint builds up less rapidly with applied load
in thinner bars, and consequently, at a given temperature, a higher load
is required to achieve the necessary degree of local stress intensifica-
tion to cause fracture. To the best of our knowledge, this is the first
direct evidence that the fracture toughness can be altered, by decreasing
thickness, even though the fracture is 100% flat cleavage. Furthermore,
the data shown in Fig. 2 is the first to show that even in clean, single
phase materials such as Fe-3% Si, local constraint and hence local
tensile stresses play a key role in the fracture processes. This indicates
that recent dislocation models [30-32], that purport to show that micro-
crack nucleation under shear stress alone is the critical step in the
fracture process in single phase solids, are incorrect.

The effect of holes, thickness, or any other geometrical change is to
either (1) modify the in-plane (plane strain) strain distribution or (2) pro-
mote relaxation of plane strain conditions. Thus we may separate the
plastic stress concentration factor

Kaw. =K3» "X(R) ®)
where Kg(p) is the plastic stress concentration factor under fully plane
strain conditions, and x <1 represents the degree of relaxation of trans-

1 Recently, Radon and Turner [17] have shown that some of the load applied
by the pendulum striker is absorbed by specimen inertia. The load at the
pendulum, therefore, overestimates slightly the static load required to pro-
duce K{,'(,, . A small correction factor has been applied to the fracture loads
(a maximum of 15% at the lowest temperature, decreasing to zero at general
yvield) in developing Fig. 5 from the fracture loads.
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verse stresses. Assuming that the 0394 in bars deform in fully plane
strain before general yield (Ko = Ko(p)), the decrease of y with applied
load for thinner bars was calculated from Fig. 5 using equation 6. The
results, shown in Fig. 6, indicate that relaxation of transverse stresses
increases (y}) with applied load and is more extensive in thinner bars.
The measured transverse strains at comesponding applied loads are also
plotted on Fig. 6. They indicate significant plane stress deformation prior
to general yield in reduced thicknesses. Also the general yield load
itself decreases slightly with decreasing thickness, reflecting lower
average constraint across the minimum section analogous to the lower
maximum constraint.

Two holes also reduce the rate at which Kq(p) increases with applied
load, and their effect is significantly greater than that of thickness alone.
Previous photoelastic and dislocation etch-pit results [33] have shown
that two holes have very little effect on the elastic stress concentration
factor and the initial plastic zone. Consequently, holes do not affect the
initial build up of constraint, and little improvement in notch strength is
observed at very low temperatures. With continued loading, however, two
holes were shown to cause a marked redistribution of plastic strain away
from the notch tip, and thereby holes retard the build up of Koy as shown
in Fig. 5. At that time, it was not known whether holes enhanced the
relaxation of plane strain conditions by promoting through-the-thickness
deformation or directly reducing the inplane strain constraint. The similar
improvements in notch strength of drilled samples now observed in re-
duced thicknesses, imply that holes affect primarily the in-plane strain
distribution. This is substantiated by the direct observation (Fig. 6) that
the average transverse strain ahead of the notch is not significantly in-
creased by holes in any thickness while Kqp) is decreased markedly.
Assuming then that x(R,¢) in a drilled bar is the same as that in a plain
bar of the same thickness, the plane strain constraint, K&p), was calcu-
lated from Fig. 5 for each thickness. The results, included in Fig. 6,
confirm that K5y reflects the in-plane strain distribution which is nearly
thickness independent prior to general yield.

The notched bar remains nominally elastic until the plastic zones
extend across the entire bar at general yielding. The maximum constraint
present at this point depends on geometry, as indicated on Fig. 5, and
determines the nil-ductility temperature .through equation (5). For con-
stant o,* and o¥ varying linearly with temperature, the reduction in tran-
sition temperature due to any geometric change 1-2 is given [10] by

[ max,i Kmnx. 2 %

- g,
AT, =T2 —T! = ) o(p) 4 7
PP TP Kmext KB dof/dT )
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Substitution of the appropriate maximum constraint values into equation
(7) permits a good prediction of the effects of both thickness and holes
as summarized in Table 2.

Previously, Knott [5] has attempted to estimate the effect of bar
thickness on Ka(p by matching the transition temperatures of thin bars
with those of thick bars of variable notch flank angle. He assumed that

o(py Was given by equation (4); however, Ewing’s [23] calculations, as
well as the present results, indicate that equation (4) overestimates the
actual constraint even for an ideal plastic material. Consequently,

Knott’s values of K3 are uncertain and much higher than those obtained

in this work.

B. Fracture beyond general yield

Above the nil ductility temperature the yield stress has decreased so
much that the maximum constraint alone does not produce sufficient
stress in  _ification to reach the cleavage stress [i.e., Ko < K&
€quation (5)]. Some strain hardening [Ao = (do/de) ¢] at the point of maxi-
mum constraint (RB =225 p for V-notch) must increase the flow stress to
cause fracture. If neither the maximum constraint nor os* changes with
plastic strain, we may write as a first approximation

Kmnx

¥ do ~ %
o(p) (UY Y& )= (&)
So that, the strain required to initiate fracture at Ry is

* max .
9" — Koy ok

(e, = ®
& 2y do/de
Of course, both Kapy and of* will depend on strain somewhat in real
materials, but no more exact analysis is possible at this time.
The plastic bend angle required to produce a strain ¢ at Rg below
@ notch of radius p is given by [34]
of — Koupy 0X(T)
Or =800 pRge, > 800 pRy | L~ "o Tp(T) 10)
Kgipy do/ de

Op increases slowly with temperature (0 #]) until the ductility transition
Ty where it increases sharply. Unfortunately, almost all the previous
Studies of this transition have been performed on mild steel where the
formation of stable cleavage microcracks modifies the notch geometry prior
to final failure and complicates an analysis of the local fracture criteria.
In addition, there is a concurrent initiation mode transition because the
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notch strains at the ductility transition temperature are large enough

(¢4) to initiate fibrous tearing before unstable cleavage can occur. Con-
sequently, the reason for this sharp increase in bend angle at Ty has not
been compietely understood [14]. Knott [5, 25] has proposed that it might
be associated with plastic strain acting as a barrier to growth of micro-
crack nuclei [a,*?, by crack blunting or increasing the steel’s intrinsic
toughness.] This, in tum, would increase the strain hardening required

to reach a,*, and the additional strain required would in turn raise af*,

s, and Oy still more.

In the present work, Fe-Si was also studied because stable micro-
cracks are not observed prior to unstable cleavage and fibrous tearing
does not occur. In this case it is unlikely that the small plastic strains
involved (e;<10%) could increase os* sufficiently to produce the observed

zones which do not pass through the notch root or the region directly
ahead of it. Consequently, a larger bend angle is required to produce a
given notch strain, and the critical angle, 0 equation (10), will be in-
creased to

Op =800 hpRge, (10a)

where h represents the fraction of the total bend angle which is accom-
modated without increasing the root strain. For example, the formation
of ‘plastic wings’ in standard Charpy bars [35] allows continued bending
without increased strain ahead of the notch. In general, A should increase
with 6 and be relatively independent of thickness. Secondly, extensive
plastic deformation can occur through the thickness [y (R, )] thus
increasing ez and Op.

The ductility transition is defined by the condition that

Oy =65 (T) (T=T}) 11)

where Oy is the angle at which either h, ¢; or o/* increase markedly.
The effect of thickness on the ductility transition temperature can be
discussed in terms of its effect on Oy and 6. Since Op increases from
zero at the nil-ductility temperature (Tp) up to Oy at the ductility tran-
sition (Ty ), we may write

d
On = ——= (Ty - Tp) (11a)
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Because T}, varies with thickness, that same thickness dependence will

appear in Ty even if Oy and dfy /dT are thickness independent. Differ-
entiating equation (10a)

B

dT

dog /dT

do/ de a2

A(f
800 hpRﬂ E = 800 hpRﬁ
Surprisingly, the increase of 65 with temperature is independent of the
maximum constraint and thus independent of thickness. On the other hand,
extensive plane stress deformation occurs more easily in thinner bars so
that 0y decreases with decreasing thickness. When extensive plane stress
deformation is responsible, the ductility transition should be even more
thickness dependent than the nil-ductility temperature; this is experi-
mentally observed in the Fe-Si bars. In mild steel, however, Tp and Ty
show the same thickness dependence. Plane stress relaxation most cer-
tainly occurs, but it is masked by the formation of stable microcracks
prior to failure. Equation (11a) is no longer applicable because of the
effective change in geometry when microcracks form between Tp and Ty .
The much sharper tip (p) accentuates stress intensification by strain

hardening and increased strain rate, both of which are not reduced by
plane stress deformation. Consequently, when stable microcracks are
formed the ductility transition is less thickness dependent.

In drilled samples, two separate ductility transitions can be distin-
guished. Transition 1 results from relaxation of triaxiality by deforma-
tion through the thickness [y (¢,R)+]; transition 2 results from the reduc-
tion of longitudinal stress and strain by in-plane deformation when
tearing reaches both blunted holes, Kxpl. In order to produce relaxa-
tion of plane strain conditions and allow transition 1, two criteria must
be satisfied. The first requires that tearing reach one hole before cleavage
occurs below the notch, i.e.

B85 <07

(criterion 1) 13)

i

Const.

€ <a 800 pRgeH (13a)

04" is the bend angle at which shear failure occurs between the notch
side and one hole, and 05 is the critical bend angle for cleavage frac-
ture, analogous to equation (10) but with the maximum constraint for
drilled bars. The strain redistribution parameter (a) represents the ratio i
of strain between the notch side and hole to that ahead of the notch. The ;
second criterion necessary for transition 1 is that plane strain condi- i
tions be relaxed before cleavage occurs ahead of the one hole, i.e. :

Oy (H) <6p (H)
13/12
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Equation (14) is analogous to equation (11) except that the ‘H’ denotes
that the effective notch tip is a blunted hole. Due to the larger effective
p and lower constraint, both criteria can be satisfied more easily (at a
lower temperature) than equation (11) for the standard bars.

In Fe-Si, the shear failure strain ¢, is so high (no fibrous tearing)
that criterion 1 is the more difficult to satisfy. However, because the
hole is much blunter when shearing does occur, criterion 2 is easily
satisfied. In mild steel, fibrous tearing occurs at a relatively small end
angle 0{3, and criterion 2 is controlling. In both materials, holes reduce
the ductility transition temperature in each thickness, but the reductions
are smaller and thickness dependent in the Fe-Si where criterion 1
requires very large bend angles. In mild steel, where the second criteria
controls behavior, the thickness dependence of Ty is quite small because
most stress intensification is by strain hardening after tearing reaches
one hole.

The second type of ductility transition 2 occurs when tearing reaches
both holes. The effective notch then has two blunt tips from which frac-
ture reinitiation requires extensive deformation [9]. Two criteria must
also be satisfied for this transition to occur. First, tearing must reach
one hole, and criterion 1 is again given by equation (13). Secondly, the
critical bend angle for reinitiation of cleavage 0z (H) at the hole must
be sufficiently large to assure that tearing will reach the second hole.
Tearing is experimentally observed to reach both holes at a temperature
(Tyy ) which is independent of thickness. Because criterion 2 is control-
ling and the majority of stress intensification ahead of the blunted holes
results from strain hardening, Tyy is thickness independent.

Conclusions
1. In Charpy V-notch bars of reduced thickness:

a. Plastic constraint develops more slowly with applied load.

b. The maximum constraint developed at general yield is considerably
lower.

c. Relaxation of constraint occurs at a smaller bend angle. These
modifications have been shown to (a) increase the low temperature notch
strength, (b) reduce the nil-ductility temperature, and (c) reduce the
ductility transition temperature of thinner bars respectively.

2. Conditions of plane strain and high constraint are not necessary pre-

requisites for improvements from two drilled holes. In samples of reduced

thickness, drilled holes produce similar changes in notch strength prior

to general yielding, the nil-ductility temperature, and the behavior of

fully ductile samples (Pgy, P,,,). Similar percentage reductions in the

plastic constraint are produced in all thicknesses because holes redis-
13/13



Notch-toughness of Charpy V-notch bars

tribute the in-plane, longitudinal strains away from the notch and do not
depend on nor produce enhanced through-thickness strains.

3. In the ductility transition region, the improvements from two holes
depend on both thickness and microstructure as described in the text.
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Fig. 1. Instrumented Charpy fracture results at various test temperatures for
mild steel bars of various thickness (t=01, O 2, 0°394 in), all measured loads
and energies have been normalized to the standard Charpy area.
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Fig. 2. Instrumented Charpy fracture results at various test temperatures for

Fe-3% Si bars of three thicknesses (0r1, 02, and 0-394 in); all loads and
energies are normalized to the standard Charpy area.
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Fig. 3. The effect of two drilled holes on the instrumented Charpy fracture
results for mild steel at various test temperatures.
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Fig. 4. The effect of specimen thickness and two holes on the average transverse strain
present at two root radii (0°020 in) below the notch at various plastic bend angles.
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