[fect of Temperature and Strain-rate on the Deformation and Fracture
of Mild-steel Charpy Specimens

T. R, Wilshaw'!) and P. L. pratt 2

The mechanics of the deformation in three-point bending of

gh»nitrogen mild-steel Charpy specimens was studied using the Fry's
technique. Specimens were fractured with striker velocities of

50 and 30,000 cm/min within a temperature range +100°c to -196°C.

#e studies revealed the existence of a) a transition from ductile

ring at the notch root to internal cleavage, b) at a lower temperature

imodal energy behaviour in the region of slip-initiated cleavage and

& decrease in fracture load associated with the onset of mechanical
iinning.

The effect of strain-rate on these transitions may be expressed by
enius equations with different activation energies, neither of which
equal to the activation energies for yielding at comparable stresses.

From these observations, and also from the results of instrumented

ﬂﬁafpy tests performed on various mild steels, it is found convenient to

ldentify a cleavage strength, o, which is the maximum longitudinal
insile stress below the notch root to cause cleavage. This cleavage

rength must be dependent upon some micro-structural deformation

ures which do not influence the bulk plastic properties, It is

osed that Ocs largely determines the value of the crack arrest
rature,
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1, INTRODUCTION
\\

The most common laboratory test for brittle fracture is the V-notch
Charpy impact test,
?Otch is broken in three-point bending with the notch in tension, under
lmpact loading at various temperatures, and the energy absorbed during the
fracture is measured. This energy changes considerably over a few tens of
degrees'as the fracture mode changes from ductile to cleavage, Brittle
Pr?pertles of materials are compared using various Parameters obtained from
this test based on either the fracture appearance or the amount of energy
absorbed, However it is not knowh exactly what fundamental Properties these
barameters are estimating. From the aspect of design the use of Charpy
data has met with some success, particularly in the design of ships, but
::G: set of service conditions requires a new correlation with

st.,
a variety of Steels, has made it desirable to analyse
fundamentail basis,

slip-line field theory,
temperature and Strain~-rate on the deformation and fracture,

2. EXPERIMENTAL
—_— AL
Material

The material used throughout this-&ork was a high-nitrogen mild
steel of chemical,composition:- B

C
0.10/0.15.

N s ‘P
0,018 0.01 0,01

Mn
0.2

It was selected because of its property of'reacting with Fry's reagent to
reveal plastically deformed regions, B

i 'Standard Charpy specimens were machjned strictly according to
British Standard 131: Part 2 1959 from /2 inch Square section rolled
bar, and subsequently annealed at 85000 for 1 hour in an atmosphere of
hydrogen and nitrogen,

T@e steel then had a uniform grain size of 40#, with the cementite
occurring in a massive coalesced form at the grain boundaries and also
enveloping small islands of coarse pearlite,

Apparatus

.The impact bend tests were performed on a 125 ft
machine, which had a striker velocity on impact of 16

« 1b. Avery impact

All other bend tests
in a low temperature bending-jig attached to the

cross-head of an Instron constant strain rate testing machine, Wilshaw (2),
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The loads were recorded mechanically during the slow strain-rate tests,
fatriker velocity 0,05 cm/min) and on a cathode ray oscilloscope during
ths intermediate strain-rate tests (striker velocity 50 cm/min),

Uniaxial tensile properties were determined using Hounsfield test
_pleces pulled at normal strain-rates on the Instron, and at high
 #train-rates on an impact tensile machine constructed at the National
Miysical Laboratory by Harding (3).

% THE LOAD-DEFLECTION CURVE

v A typical room temperature load-deflection curve obtained by
bending a Charpy specimen slowly is shown in Fig, 1. By continuous
#baervation of a deforming specimen the small plastic instability or
"yield-point" was seen to coincide with the sudden spread of arcs of
plastic deformation (hereafter referred to as plastic "hinges") across

the ligament. This state of strain represents the general yielding of

the specimen and a continuous path of plastically deform&d material can

be traced across the section of the bar., The load at which this occurs

is called the general yield load PG and it is proportional to the tensile
lower yield stress of the material’y 1 Green and Hundy (4). Since this
load represents a well defined position on the load~deflection curve, it
im convenient to use it to define any point on the curve corresponding to
# load P, by the ratio P/PG « For loads P < Piy® this ratio, P/PG
proportional to the ratio o¥ the nominal stress at the notch root ¥o the

_ lead-deflection cirve,

Up to a load equivalent to o/o, = 0.18, the specimen deforms
¢lastically throughout. At this load the nominal stress multiplied by the
_ dlastic stress concentration factor, a = 3,25 after Neuber (5), becomes

_ #quivalent to the uniaxial yield stress of the material. As the load is
increased further, the plastic zone spreads inwards from the notch root as
_revealed by Fry's etch in Fig. 1, and has the form of the logarithmic
slip-line field predicted for pure four-point bending under plane strain,
Wilshaw and Pratt (6). The longitudinal stress oy is distributed within
the plastic zone according to Hill (7),

2 [1 + 1n(1 + x/rﬂ (1)

O'X =

where x is the distance below the notch of root radius r,

and  k is the yield stress in shear, which for Tresca's criterion is o /2.

The maximum longitudinal stress was related to the applied load throug

plastic zone sizes and Equation 1, Wilshaw
The maximum value of the plastic stress intensification

1 + 1n(l + x/r) , is achieved before general yield at

o/o, = 0, this experimental value is 2,05 z 0.05 using the Tresca

yieyd criterion. Between 0/0. = 0.8 and general yield, the logarithmic

slip field is surrounded by a’'region of ""complementary" slip, and the

value of the maximum stress remains constant even though the applied load

is increasing (6).

and Pratt (6),
factor, a =
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At'the upper general yield load, plastic "hinges"
a?d t§e1r sudden propagation causes a small i
yielding has occurred the system becomes too
quantitative analysis,
related to the bend angil
Plastic strain in the no
technique, Wilshaw (2),
local strain-rate in the
0.05 cm/min, the crit
decreasing to a const

are nucleated,
nstability, Once general
complicated for a rigorous
However the plastic strain patterns have been
e in Fig. 1, and also to the value of the local
tch root, measured using a micro-hardness

These measurements were used to estimate the

t root of the notch., At a_gtrikei velocity of
ial strain-rate was 3:9 x 10 sec- in the root,
ant value of 1.8 x 10 ° sec ~ after 3" bend.

A 3 . :
Ssuming that the strain-rate 18 proportional to the striker velocity, the

strain-rate in the conyentional impact test will be in the range

ézgo sec to 1000 sec » which is consistent with previous estimates by
samer (8) and Hendrickson et al, (9), These strain-rate values are

important since we shall be consideri i
. ring later the relationshi
tensile and notch bend data. i

bk, THE FRACTURE LOAD-TEMPERATURE DIAGRAM
const:u:EZSm;tic fracture load-temperature diagram, Fig, 2, was
s from the results of 10a§-def1ection curves obtained over a
e 9 of temperatures and strain-rates, to represent all the
ormation and fracture characteristics which were observed, The loads
are bresented as fractions of the general yield loads, so that it is
possible ?o deduce the shape of the load-deflection curve, and the
macros?opxc strain pattern, at any temperature, from the previous
analysis of the deformation characteristics,

The Ductility Transition, A-B
The abrupt decrease in th
Fig, 2,
instabil
originat
microcra
before t

e fracture instabi
?ccurs at a well defined temperature T,
ity is caused by the propagation of a guct
es at the root of the notch, Pratt and Wilshaw (10), Below Tg»
cks are initiated by internal cleavage, causing instability

he plastic strain in the notch is sufficient for ductile tearing,

lity load from A to B,
Above T , the onset of
ile tear which

Prl?r to instability the stable microcracks become severely blunted
by plastic deformation, and as a result they can be detected in the
fracture profiles of the broken specimens. In this way cleavage was found
t9 occur both above and below T . Hence the ductility transition is not
sSimply ?ue to a change in the mechanism of fracture initiation, but
Tather.zF represents a change in the mode of fracture, associated with the
1n5t?b111tY. Furthermore T, is dependent on the size and geometry of the
Specimen, Stone and Turner (11), and therefore it cannot be a measure of
any fundamental brittle property of the material.

Microscopical examinatio
reveal

ductile fractures, At the notch root the cementite fractures grow into

:mall ca?ities which join together by internal necking to form a small
ear, whilst the triaxial stress system below the notch root causes the

cementite cracks to propagate, cleaving the ferrite matrix.
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# Fracture Beyond General Yield, B-C

A# the temperature is decreased from T, to that at which fracture
gwneral yielding coincide, at C, instability occurs following

: s#ively smaller amounts of gross plastic deformation, the fracture
%1 remaining approximately constant. In this region the stress
#quirad for cleavage is attained by strain-hardening, As the
(#mperature decreases the yield stress of the material increases as shown
%ﬁ {448 dashed line for o/c& = 1,0, and cleavage will occur at smaller
wing,

#imodal Transition Range, CD-EF

Hetween C and D, cleavage fracture occurs at the upper general yield
md and the temperature dependence of the fracture load follows that of
#he general yield load, Within this same region fracture may occur
#ighificantly below the upper general yield load,at c/c}-A-O,B, along EF,

At the slow and intermediate rates of strain this bimodal behaviour
#my be oxplained as a reflection of the state of stress below the notch

y assuming a critical tensile stress cfiterion of fracture, Wilshaw

4 Pratt (6). However at impact strain-rates the bimodality is more
#onounced and cannot be explained on the same basis, The impact energy
¥hlues measured directlx from theomachine vary with temperature according
% Fig., 3. Between +20 C and +40 C the energy values fall into two
detinite groups separated by an energy gap of about 10 ft. 1b. Crussard
% al. (13) have observed a bimodal distribution which they attributed to
transition in the mode of fracture initiaticn from ductile tearing at
the notch root to internal cleavage. This initiation transition occurs in
e present work between 35 and 45 ft, lbétwhereasoboth modes of fracture
#ociated with the bimodality between 20 C and 40 C are initiated by
isavage.

\ The extent of plastic deformation in the broken specimens was
fevealed by Fry's reagent and representative patterns of the two modes of
instability within the bimodal range are shown in Fig. 3. The low energy
fractures always occurred prior to general yielding and the increase in
snergy from 5 to 15 ft, 1b, within the bimodal range is due to an increase
in post-brittle fracture energy, The high energy fractures all occurred
#ell beyond general yield, The fracture and general yield loads are shown
¢ the load-temperature diagram, Fig. 4., This diagram is different from
any obtained by Fearnehough and Hoy (14) in so much as there is no region
_in which fracture occurred at the upper general yield loadjin spite of the
similarity in the yield stress temperature dependence.

The bimodality is not obvious from this diagram unless the specimen
deflections are also considered. The work hardening rate is very skall at
these high strain-rates and consequently relatively large deflections
accompany the fractures above general yield, so absorbing large amounts of
energy. The difference in the energies to cause fracture instability was
measured by integrating the load-time curve,and/xs}%quivalent to the
energy gap in the bimodal region.
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This bimodal phenomenon does not seem to be associated with the
8 distribution within the Specimen because at low strain-rates
fractures are observed at all states of strain above general yield,
Alternatively this phenomenon may be a reflection of a fundamental
transition in the mechanism of slip i

this bimodal phenomenon,
In this region CD-EF the t
acture is equivalent to th
transition temperature
fracture occurs before
intensification factor
defined position on the
mechanical twing were ob
fracture must be initiat

emperature dependence of the maximum stress
at of the lower yield Stress. The bimodal
Tb is defined as the highest temperature at which
general yield, At T , the plastic stress

is at its maximum va ue, and this is a well
fracture load-temperature diagram, Above F, no
served within the initiation zone, and hence

ed by slip,

The Twinnin Transition, E-F-G

Below F, there is a trend for the fracture load to decrease as the
temperature decreases, together with a significant decrease in the value
of o/c,, Fig. 2. Similar behaviour has becn reported by Knott and
Cottrell (15) and Fearnehough and Hoy (14) who refer to this region FG asg
the fracture "cliff" or the low-stress fracture region,

A statistical survey
Specimens whose fracture
detailed way than that of
maximum stress prior to i
The appearance of the twi
behaviour suggests that t
initiation of fracture i

of the distribution of twins in the impacted
loads are presented in Fig. 4 was made in a more
Verbraak (16). At the estimated position of the
nstability,twins were observed in the region FG,
ns together with the change in mechanical
winning is in some way responsible for the
n this region.

The decrease in stress intensification factor is precisely
alent to the increase in the yield stress, and thus fracture
appears to obey a constant critical tensile stress criterion in the
region F-G,

THE EFFECT OF STRAIN-RATE ON THE FRACTURE LOAD-TEMPERATURE DIAGRAM

The fracturc load-temperature diagrams obtained using striker
velocities of 0,05 em/min, 50 cm/min and 30,000 cm/min are presented in
Figs. 4, 5, and 6 respectively. The overall effect of increasing the
strain-rate is to cause the fracture load-temperature diagram to shift to
higher temperatures, However, on more detailed inspection the actual form
of the diagram is changed also, As the strain-rate increases the
temperature dependence of the general yield load decreases and T approaches
T., so that under impact straining part of BC and the whole of CB is
missing from Fig, 2,

5.
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Arrhenius relationships between transition temperatyre and & have
Been found by Wittman and Stepanov (17), Magnusson and Baldwin (18) and
¥sllinger and Wittwer (19) of the form

& a2 A exp (-H/k Tt),

where H is the apparent activation energy,

k the Boltzmann constant,

T, the transition temperature,

The efféct of strain-rate on various parameters at T and Td is presented
in Table 1. The values of T, and T. are plotted in gbe form 1ln & vs
1000/T Kk in Fig, 7. Both tPansitiSns obey an Arrhenius equation

with the different apparent activation energies:-

Hy = 13,300 = 300 cal./mole
d
= 0.58 0,02 ev,
p = 5,100 2 200 cal./mole
b

0.26 2 0,01 ev.

zge Strain-rate Sensitivitz of T
The bimodal transition temperature is clearly defined on the

and it represents the highest
cleavage occurs before the general
The sizes of the plastic zones around the
notch root were measured in specimens fractured at T for the three
_ #train-rates, and these were found to be equal, Thus according to
Fquation 1, the plastic stress intensification factor g is also equal,
and on this basis it may be meaningful to compare fracttre behaviour at
?%.
According to the ductile-brittle transition theories of Stroh (20),
Cottrell (21), and Petch (22), the activation energy for the transition,
_based upon some dislocation model of cleavage initiation,should be
equivalent to the activation energy for yielding, Arrhenius plots for
three values of the lower tensile yield stress, 40, 50, and 60 Kg/mm“,
were made from experimental tensile data, and these are also shown in
~ Fig. 7. The apparent activation energies for yielding at a constant

#stress
d (1né)
7Y
d 1/T
%Lys

Hys =
were derived from the slopes of the three straight lines in Fig, 7.
The values of O1ys Measured by tensile tests at T {or the p§edicted
strain-rates at ¥he notch,6(Tab1T 1), increase by % X 4 Kg/mm“ with a
strain-rate_increase of 10° sec Within the relevant stress range,
50-60 Kg/mm“ (Table 1), there is a significant difference between HLYS
and HT . Hence there appears to be no simple relationship between

b
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d%scontinuoua yielding and slip-initiated cleavage for this material.
Plslocation theories assume that cleavage is initiated by a dislocation
interaction mechanism whereas it has been established that ferrite
cleavage is nucleated by cementite fracture in this steel, Consequently
HEB may be more closely related to the activation energy for cleavage of
Cementite,

The Strain-rate Sensitivity of T
Lean and Plateau 3235 measured H from tensile tests and correlated

fheir value with those obtained by otggr workers, They showed that H
1s temperature dependent , obeying an equation, = BT cals/mole, where
B = 40-50 and T is the absolute temperature, Thus for T = 313°K,

Sgd = 12,500-15,500 cals/mole, This value agrees with that measured in
vhe present work for Charpy specimens, but in our work was found to be
independent of temperature, H_ . gives an empirical measurement of the

strain-rate sensitivity of this transition, but there is evidence to
ZUQg?st that it may be both size and temperature dependent, The value of
@d 18 about twice HEY ’ Eig. 7, within the relevant range of yield
Stress values 40-60 g§mm y Table 1,

At T  stable micro-cracks are found which are unable to propagate
a?ross the grain boundaries., The relaxation of the stress field at the
tfp of such a crack is related to the mobility of the dislocations which
will be controlled to some degree by the strain-hardening characteristics
of the material, Friedel (24). It is assumed that the cleavage stress o
1s achieved by contributions from the

¢omponent Ac, Cottrell (21), so that:- As the strain-rate

0 _oc 0O, + Ao,

lncreases Ao decreases and a greater COntgibutlon from the yield stress is

required for cleavage,

The Maximum Longitudinal Stress Below the Notch
When cleavage occurs at T v i.e. above general yield, the maximum

longitudinal stress below the notch may be calculated from o = O, . Q
1a"%8is P

w@ere @  is the stress intensification factor. Above generﬂTa§i°
will ?aee a value of about 2,5 according to Knott (25).
eXPeflmental values of o s obtained at T. for the appropriate
strain-rates (Table 1), 1ncreasigg the strain-rate by 10  sec

X o
increased o by about 50 Kg/mm“ and Td by 116 C,

. has

= + 0.4 Kg/mm>/°C
ve sign indicates increase with temperature)

i.e. d o daT
(the posT

However the resistance to cleavage increases with temperature, and
t?er?fore the value of d o dT obtained in this way must be
significantly influenced by the strain-rate. The high value of d o
obtained from yield stress measurements at T is caused by the unknowhn
effec? of strain rate and temperature on the strain-hardening behaviour
assoclated with this transition,

dT
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yield stress o, and a strain-hardeﬁing
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¥rom the results of Table 1, o < is proportional to the
fumperature T and to the logarithm % the strain-rate, ln &, so that
(2)

(Ty 1n &)
max

it %, , the micro-cracks are virile in the sense that they lead directly to
fracture; thus it is reasonable to assume that strain-hardening will not
#ifect cleavage at this temperature, i.e., Ac = O, Any effects of
immperature and strain-rate on 3 at T will be directly related to o
ﬁy the maximum stress intensitica¥§on factor p{ior to general yield.
Ageording to Wilshaw and Pratt (6), a_ = 2.05 - 0,05 at T,. For this
Bimedal transition, p

4o d o
X L L LIS g ras0,0900 0.05 Kg/mm>/°C
daTb P
Differentiating Equation 2 with respect to T,
o ) Cinx dln &
mmmmem = eeeeoS + . (3)
5T in & §1n &, ar

Imeause of the association between cementite cracks and ferrite cleavage,
 estimate of the temperature dependence of the cleavage stress of the
Aggregate may be obtained from that for cementite fracture. Substituting

experimental value
do(cementite)

= 0.15 £ 0,05 Kg/mm>/°C

. dT
into Equation 3, gives
diné¢ (6o . 2
. = +0.24 £ 0,10 Kg/mm>/°C
4aT 6 1n éT

) ﬁainq values from Table 1 for In & and T, a value of g-ég-- can be
stimated as

d 1ln & “ 2,303 x 6 oc-1
daT 165
S o
 Therefore [ ---22%) _ 2.8 21. Kg/mm2
8§ 1n éT

measured within the range 3 x 10-3 <: & <:2 x 103 sec-l.

In contrast to the observations of Hendrickson, Wood and Clark (26),
the maximum longitudinal stress to cause cleavage is significantly
strain-rate sensitive. This sensitivity makes it necessary to allow for
strain-rate changes when attempting to predict impact transition

temperatures from static tensile data.

981




T.R. Wilshaw and P.L. Pratt

6. DISCUSSION AND CONCLUSIONS

The main result of the analysis of the fracture behaviour in

stress for cleavage are not simply due to
effects on the lower yield stress., We shall call this maximum
longitudinal stress for cleavage the nominal cleavage strength
material, o , 1t will be related to the true cleavage stress

concentration factors of varying

r C of the material e.g, dislocation
configurations, mechanical twins, precipitates, etc.

The pertinent questions still remaing what inherent material
pro?ertxes Can be measured or estimated from the Charpy test and why do
various materials have different transition temperatures? Instrumented

in the present work, on a variety of mild steels which have 15 ft. 1b,
transition temperatures, T .y ranging from -90°C to +40°C.
exception the dynamic gene%gl yield load v, temperature curves were
coincident, within the range of experimental scatter, for all these
steels, in spite of their differing static yield stresses at room
temperature, This phenomenon can be explaingd using the schematic
diagram, Fig. 8. At low strain rates, A10" » the yield stress is
Strongly temperature dependent in the region in which cleavage occurs.

At the high strain-rates however, the yield stress has only a small
temperature dependence, Fig, 8, and consequently any small variation in
the nominal cleavage strength, o, will have a large resultant effect on
the transition temperatures, T, Shd T - This suggests that the nominal
cleavage strength of the material may control the transition temperature,
and conversely that the transition temperature is an indirect measure of
the nominagl cleavage strength, Therefore it would be valuable to
discover what factors affect the cleavage strength,

With only one
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if the propagation of a brittle crack consists of a series of
parate initiations, Tipper (28), it seems likely that the cleavage

#rack initiation, affected by the cleavage
#trongth, The temperature at which a rapidly propagating brittle
#rack can be converted into a ductile crack is called the crack arrest
This temperature is used as a safety design
Z¥iterion and Is determined experimentally by the Robertson test,

i# test involves the propagation of a brittle crack under a uniform
#tress, into a region of constant temperature, or into a region con-
ining a temperature gradient; the temperature at which the crack
ehanges from cleavage to ductile is estimated from the fracture
ipearance, Robertson tests were carried out on the high-nitrogeg °
#8] used in this work, and the gradient TCAT was found to be 25 - 10°C,

It is interesting to look at the relationship between the crack
#¥rest data and the Charpy data, The crack arrest temperature coincides
¥ith the bimodal energy region in Fig, 3, in which there is a sudden
Aerease in the resistance to initiation by cleavage, This also coincides
th the 15 ft. 1b, transition temperature for the high-nitrogen steel,
#iigreas Cowan and Vaughan (29) have shown that T is normally about

% € above the 15 ft, 1b, transition temperature, Sharpening the
#aechined notch by means of a fatigue crack in this high-nitrogen steel
44d not affect the bimodal transition temperature, T . This suggests
that the effective strain-rate at the tip of a propagating brittle crack
in the Robertson test ig equivalent to that experienced by the material

Below the notch during the Charpy test, at least for this high nitrogen
toel,
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Table 1 T T T T T T T T T T T T T
nable 1 ) AR g
The effect of strain-rate on the ductility transition temperature ’l‘d " /%
and the bimodal transition temperature T |, i = ]
b jﬁ: q
—
___________________________________________ [y,
Striker velocity 0.05 50 30,000 - ]
cm/min
Strain-rate in root predicted 3 x 10"3 3x 100 2 x 103 1
from micro:?ardness measure=-
ments, sec =
The ductility transition =76 =35 +40
temperature, T OC. 7] :
d q 3
1000 & 'y 1 %;
== %1 5.07 4,20 3.18 « =
N n “
d g
g BIMODAL J %3
Fracture loads at Td 1070 1200 1300 l: ;I;é%SATION _
Pos kg, 900 1060 1140 3
P 1.410 1.43 1.37
F/ at T . : : 7]
P
oY d 1,20 1,26 1.20 |
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Figure 2, Schematic fracture load-temperature diagram,
fracture instability loads.
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Figure 4, Fracture load-temperature diagram. Striker velocity
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Figure 6, Fracture load~temperature diagram,
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Comparison of the apparent activation energies for the
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TA and TB s at two widely differing strain-rates,
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