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2. 

ABT7R.ACT  

The liability of a steel to failure by brittle fracture 

may be judged by several criteria as exhibited in the various 

standard engineering tests. The relative influence of the 

many factors governing the ductile—brittle transition may 

vary greatly from test to test with the result that the 

various arbitrarily defined transition temperatures will also 

vary over quite a large range. Despite the complexity of the 

relationship between tests, some form of correlation is 

frequently demanded. This thesis presents experimental 

results in which, starting .iith the slow bend test on a 

standard V—notch Charpy spec: Tien, a test has been successively 

modified, care being taken to alter only one variable at a 

time. In this way it was possible to study the relative 

effect of strain rate, size and method cf stress application 

(i.e. notch—tension or notch—bending) on the change in 

transition temnerature between tests. 

Load—deflection diagrams were obtained on all types of 

specimen so that the loads, energies, etc., at any given stage 

of the test, might be determined. 	zaecial instrumentation 

was developed to obtain i:inUr:IMS of load—deflection, as Jell 

as of load—time, in the impact test. A comparison of thase 

two diarams allowed the variation of strier velocity in the 

impact test to be studied, an,: it 	concluded that the 



generally accepted assumption of the velocity varying 

linearly with time WLIS likely to be in error, and that some 

form of shock loss of velocity occurred at impact. 

Finally the experimental results viere examined in the 

light of some of the more recent hypotheses which have been 

advanced on the brittle frcture phenomenon. 
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NOTATION  

8. 

a-lt 62' or3  = Principal stresses. 

aX, 	crz, 	xy' 	yz' 	zx = Co—ordinate Component stresses. 

= Shear stress. 

cl o m Nominal applied stress. 

= Laximum stress. 

(cr)1113X. 
= Theoretically determined maximum principal stress. 

Cr"nb = Nominal bending stress at the notch root. 

ant = Nominal tensile stress at the notch root. 

(Tnf  = Nominal fracture stress at the notch root. 

0- yd  = Yield stress (uniaxial). 

6Ys = Yield stress in shear. 

cr = Critical stress. 

Eqk= Modulus of :plasticity, Modulus of Rigidity. 

)./ = Poisson's ratio. 

k 	= Stress concentration factor. 

u 	= Displacement. 

b 	= Crack opening dislocation. 

2a = Crack length. 

r,g = Polar co—ordinates. 

2T = surface tension. 

P 	= Largely plastic work of crack wall formation. 

Gc = Fracture toughness. 

G 	= Strain energy r,  lease/unit area. 

= Crack growth resistance. 

K 	= Stress intensity factor. 



Kc = Value of K at fracture. 

Kio = K0  under plane strain conditions. 

= Plate idth. 

B 	= Plate thickness. 

t 	= shear lip (to  = Critical shear lip). 

Esl = Lnergy of fracture in sh ar lip. 

Eff  = ::.'nergy of flat fracture. 

D = specimen dimension. 

r 	= tldius, Notch root radius. 

ryd = :radius of plastic zone. 

The various ..nergies in the impact test are tabulated in 

Table 20. 

a 
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1. INTRODUCTION  

Whenever the term "brittle fracture" is mentioned today 

there is a tendency for engineers to think immediately of the 

much publicised failures of various all welded shipe, 

particularly tankers, during the second World War. In view 

of the vast amount of research which was stimulated by this 

urgent problem, the prominence given to them is probably 

merited. The rather unfortunate consecuence of this attitude 

is to consider brittle fracture as a comparatively modern 

problem, which is limited to mild steel and which has now 

been solved. In fact fractures of e brittle nature occur in 

many materials besides mild steel, some of which are fast 

becoming of considerable importance as structural materials. 

Also brittle fracture in steel itself has been present in 

various guises ever since the introduction of the Open—hearth 

and Bessemer processes allowed steel to be made sufficiently 

cheaply for it to be used es a structural material. An 

explanation of the fact that e normally ductile material can, 

under certain circumstances, fracture with severely reduced 

deformation was demanded as early as 1879 (1) and it is a 

somewhat humbling thought that even no.: -the answers given 

would be far from complete. Detailed reviews are available 

of the historical development of the subject (2  to 5) 

and it is interesting to note the different forms in which the 

same basic problem has reappeared. It would seem pertinent to 

mention that although steel bridges were among the eerli.2st 
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structures to suffer from brittle fracture, yet in 1962 the 

new King Street bridge in lAelbourne encountered similar 

difficulties of a very serious nature. 

• 
	A very large amount of experimental work has been done 

on this topic in recent years, especially with regard to mild 

steel, and the amount of literature now-avail ble on the 

various aspects of brittle fracture is almost overwhelming 

and, as Drucker has said, one is now in the position of 

writing summaries of summaries. Parker (4), Biggs (5) and 

Tipper (2, 6), however, have greatly clarified the issue by 

their very full discussions of the problem and the ceneral 

factors involved should no longer be in doubt, at least in 

so far es mild steel is concerned. ,suite a large part of 

these discussions dealt vlith the question of methods of 

testing for brittle fracture and the interpretation of the 

results of these tests. It immediately becomes clear that 

there is no such thing as a single, clear—cut, transition 

temperature at which the behaviour of a given material changes 

its mode of fracture from ductile to brittle. A transition 

temperature for a given material can only be defined for a 

clostly specified test as judged by a given arbitrary criterion. 

Thus es well as the very large differences in transition 

temperature which exist between the various tests there can 

also be a considerable variation, depending on the criterion 

chosen, and this variation itself is not constant from test to 

test. The aim of the present work was to select materials, 

namely mild steels, whose behaviour in the different types of 
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test had been thoroughly investigated and, by careful control, 

to study the effects of the individual variables on the 

transition temperatures as judged by the various criteria. 

It was also hoped to relate these results tosome of the 

hypotheses which have been presented in en attempt to place 

thy. problem on a more quantitative basis. 
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2. TIEORTi.aCAL A;:,-PECTS  

The theoretical background to this topic embraces many 

different fields, and explanations of some particular 

phenomenon are often advanced from viewpoints which may differ 

greatly. To obtain a balanced analysis of any new contribution 

it is often necessary for an investigator to stray into fields 

which are somewhat removed from his original discipline, and 

it is inevitable that ignorance may, in some cases, lead to 

erroneous conclusions. It is felt that the following, rather 

lengthy, survey is justified us en attempt to present the 

author's understanding of some of these views in a reasonably 

comprehensive picture. Any interpretation of the experimental 

results will be made in the light of this presenteticn. 

2.1. The Ductile Brittle Transition  

It is vitally important when considering a topic of 

this kind to avoid, as far as possible, any confusion in 

definitions or in terminology. In general terms brittle 

fracture may only be said to be a fracture which takes place 

with severely reduced deformation and is not limited to any 

special type of material. It will later be possible to be 

more precise and, once a material is specified, to define 

certain patterns of behaviour which are follo'wed. 

(a) The Fracture mode Transition 

It has been found that the type of fractures obtained 

in many materials is strongly ,dependent on the applied conditions, 

such as temperature and rate of stressing especially in the 
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presence of some discontinuity such as a sizable inclusion 

or artificial notch. Thus a notched tensile specimen of such 

a material may fracture in a ductile manner at a given 

temperature with gross deformation occurring in the region of 

the fracture, whilst an identical specimen tested at a slightly 

lower temperature or higher stress rate may fracture in a 

manner which is obviously brittle, any slight deformation 

being restricted to the immediate locality of the fracture 

surfaces. The thickness and/or width of the notched plate has 

also been found to haVe a strong influence on the type of 

fracture (7); the fracture changing from a "shear" fracture 

on a plane at 450  to the plate surface to a flat fracture 

normal to the plate surface as the thickness was increased. 

This form of the ductile—brittle transition does not imply 

any change in the atomic mode of fracture and is equally 

possible in metals such as steel (b.c.c.) and aluminium (f.c.c.) 

or in the notch brittle plastics such as polystyrene, which 

possesses a complex molecular chain structure. 

(b) The Shear—Cleavage Transition 

It is possible in some materials to undergo another 
transition at an atomic level and it is the possible super—

position of these transitions that makes more difficult the 
understanding of the ductile—brittle transition in such 

materials. Three basic types of fracture have been observed in 

crystalline materials, two of which are transcrystalline, the 
third intercrystalline. The latter type is usually a result 
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either of prolonged loading at high temperatures or of induced 

weaknesses at the grain boundaries produced by segregation of 

impurities or corrosion. It will be shown later, however, 

that typical brittle fractures have taken place in this 

fashion. Of more general importance are the two trans—

crystalline modes, namely shear and cleavage, which produce 

fractures which differ radically in appearance. It has been 

found that most crystal lattices possess both slip or glide 

planes along which one part of the crystal slides along the 

other (by means of the consecutive movement of dislocations) 

until complete separation has occurred, governed largely by the 

applied shear stress, and also cleavage planes at which a 

direct separation takes place with very little plastic 

deformation probably obeying a normal stress law. Whether 

fracture occurs on the slip or cleavage plane is governed 

by external conditions such as temperature, which may alter 

the relative values of the two strengths in question, and also 

by the orientation of the crystal. The various possible slip 

and cleavage planes in the different types of atomic lattice 

are given in Ref. 6, Table 1. Cleavage fractures have been 

obtained in many body—centred cubic metals, including of course 

alpha iron, in some of the hexagonal close—packed metals, but 

never in face—centred cubic metals. On a macroscopic level 

cleavage fractures are readily recognisable by the bright 

cleavage facets, the surface appearance being described as 

"crystalline" as opposed to the "fibrous" appearance of a 

shear fracture. Although a fracture may appear totally 
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crystalline there may well be some degree of plastic 

deformation because of the random alignment of crystals 

in a.  polycrystalline aggregate reeuiring bridges of shear 

fracture to link grains which have already separated by 

cleavage. Other plastic work is often revealed by surface 

markings and striations and by possible fracture arrests. 

Thus for materials such as mild steel, which are subject 

to this shear—cleavage transition, it is quite possible that 

the two forms of transition may take place under similar 

conditions and are taken as being a sinle transition. 

Because of this the fibrous—crystalline transition in mild 

steel is often termed the "fracture mode transition", but to 

avoid any ambiguity in this thesis the term "fracture 

appearance transition" will be used instead. 

2.2. Some Concepts of Fracture  

One of the earliest frecture criteria is that of 

Ludwik (8) who proposed that fracture occurred when the 

maximum principal tensile stress reached a critical value 

called the strength. This simple idea is illustrated in 

Fig. I (a) which shows how the flow stress (true stress — true 

strain) curve intersects the fracture stress curve at a Point X, 

in which case fracture will take place after prior plastic flow. 

Should the yield stress be higher than this ideal fracture 

stress, however, then fracture will take place at a stress 

given by the point Y without plastic deformation. It was later 

suggested by Davidenkov (9) that the ductile and brittle 
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fracture modes required two separate fracture stresses as 

indicated in Fia2. 1 (b). This idea of two different types of 

.fracture, a ductile fracture obeying a critical shear stress 

(or possibly a critical shear strain energy) criterion, and a 

brittle fracture obeying a critical normal stress criterion 

has been elaborated by workers such as Schnadt (10), and 

Hendrickson, Wood and Clark (see Section 2.3.). It would seem 

likely that some dual criterion of this type is in fact operative 

in the shear—cleavere.transition in metals such as mild steel; 

but it is quite possible that only a single criterion is 

operative in the fracture mode transition of other m terials 

and that the brittle fracture follows the same mechanism as the 

ductile, but with highly localised deformation. The dual 

criterion is used in Ref. 4, Fig. 2.9. to show how either 

cleavage or shear fracture may occur after either limited or 

gross plastic flow. 

If, for steel under conditions of complex stress, both 

yield and shear fracture are taken to follow a critical sh_ar 

stress criterion, whilst cleavage fracture follows a critical 

normal tensile stress criterion, then the loci on a three 

dimensional stress plot would be hexagonal prisms for the former 

and a cube for the latter. To examine this in two dimensions 62 
is made zero and SOME of the alternative arrangements are shown 

in Fig. 2, these being (a) Yield followed by shear fracture, 

(b) Yield followed by cleavage fracture, and (c) Cleavage frncture 

13fore yield. If, however, the third stress component is 

increased from zero to some tensile value then Fig. 2 (a) (which 
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is typical for mild steel at room tempt nature) is altered 

drastically to a form such as (d). Thus the importance of 

a notch, which can produce a stress system approaching 

triaxiality, may be clearly seen. It must be borne in mind 

when considering these ideas on fracture l that in practice 

fracture is always receded by some degree of plastic flow 

and the idea of a fracture stress as such is merely a 

convenient concept. 	may now examine the effects of some 

of the variables in the light of these concepts of fracture. 

(a) The Effect of Temperature  

It is well—known that structural changes can take 

place in metals when the temperature is varied and it is 

fortunate that steel, which proves so complex in many ways, 

does not undergo any structural change as the temperature is 

decreased below ambient. The only exception to this can be 

the transformation of retained austenite into martensite at 

low temperatures. It is also well—known that decreasing the 

temperature has the effect of raising the entire flow curve, 

increasinF the discontinuous yield (i.e. the difference between 

the upper and lower yield stresses), increasing the Luders 

extension, and increasing the stress required for fracture 

(11, 12). It is not so easy to obtain the variation of the 

fracture strengths with temperature because (a)  lien fracture 

occurs by the shear mode it usually does so after quite 

considerable plastic flow and thus usually after work hardening, 

and also tthe fracture takes place at some type of necked section 



in which the multiaxielity of stress may be hard to estimate, 

and (b) ';:hen fracture occurs by the cleavage mode in simple 

tension it only does so at very low temperatures and this 

strength is strongly affected by prior cold work. It may be 

stated, however, that there is now severe doubt as to the 

validity of the original idea that the cleavage fracture stress 

is constant with temperature. A further complication is 

introduced by the fact that in many metals, including _steel at 

the loafer temperatures, twinning is a preferred mechanism to 

slip and it is not at all certain whether or not t;)inning may 

be said to follow a critical shear stress law. 

Recent work by Hahn et al. (13) gave a comprehensive 

picture-of the yield and fracture behaviour of steel and also 

gave definitions of the various stages of transition which may 

take place. Fig. 3 shows a typical example of their tensile 

test results and shows how they have divided the results into 

six temperature regions, which were described as follows:— 

In region A the fracture obtained was a typical cup and 

cone after 50% to 60% reduction in area. A fibrous crack was 

initiated in the centre of the necked portion an grew 

radially until, s it approached the free surface,final separation 

occurred by "shear". (This description of such a 450  fracture 

is usually employed even though each grain still breaks in 

tension and it is very doubtful whether in fact one surface 

slides across the other), 

In region B the fracture appearance changed to a fibrous 

centre surrounded by a rim of cleava,e. vibrous fcf:icture aain 
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started at the centre, but now the fibrous crack, by reducing 

the effective cross—sectional area and providing an internal 

notch, was sufficient to produce cleavage. The fibrous crack 

may thus be rec:rded as a critical crack siv,e, b:coninh smaller 

as the tmperature was decreased. A 50 fibrous transition 

temperature, Tr, 	designated as a comparison with that in 

the standard V—notch Charpy impact tests, Tf. 

Region C. The boundary of this-3 region with region B 

Was marked by a discontinuity in both ductility and fracture 

stress, referred to as the ductility transition, Td. 

Immediately below Td  fractures which a-opearod to be 100L 

crystalline occurred after 15 to 2(:) elongation, there being 

a considerable difference bet:ieen the yield and fracture 

stresses. The investi gators, noted here that the Ludwik—

Lavidenkov concept that fracture precedes yielding below the 

transition temperature .was not consistent with these findings. 

They further stated that Td  occurred when the critical fibrous 

crack size approached the size of. cleavage microcracks and 

implied that microcracks nucleated cleavag e cracks below Td. 

Although the number of microcracks increased sharply below Td, 

they were also observed at temperatures above Td  which caste 

doubt on Cottrell's hypothesis that the ductility transition 

occurs ,lhen the formation of microcracks (i.e. the in:,_tiation 

of cleavage within the grain) first becomes possible. 

The alternative suggestion was made that the ductility 

transition occurs when the reuirements for the growth 

of a microcrack into adjoining grains, and thus the propagation 



to fracture, were satisfied. 

In region D, cleavage fracture tool: place at the lower 

yield stress after some discontinuous yielding. Llicrocracks 

were observed only in yielded regions behind the Luders front 

and it was 2-142:ested that gross yielding was a pre—reuisite of 

crack initiation. 

Region 	Was rcr!erded as an extension of region D with 

cleavage fracture occurring in thu first part of the specimen 

to undergo discontinuous yielding without any observed load 

drop. No microcracks were observed, prosulqably bec:lus the 

first crack formed propagated to fracture. 

In region F, fracture occurred abruptly at stresses which 

fell below the level of the; xtrapolated yield stress curves and 

posibly below the elastic limit. It woe suggested that fracture 

in this range coincided with the onset of twinning. 

(b) The iffect of '.;train r:ate 

As early as 1904 Considre (14) noted that the eff ect 

of strain rate on brittle fracture was principally one of 

raising the tempel'oture at which brittle fracture occurred. 

It has been shown that the speed of loading only affects the 

position of the transition curve along the axis and has no 

influence on the mechanism of fracture, 	ductile specimens 

deformed in slow—bending and in impact gave exactly the same 

mechanism of fracture, nor was there any change in mechanism 

between brittle fractures performed at the tic rotes (1). A 

unique relationship between temnerature and strain rate has been 

suggested (16) and other proposals include a velocity modified 
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temperature concept (17) and 3n equivalence between 

temperature, strain rate, and stte of triaxiality (18). 

The majority of experimental work has been performed in 

uniaxial tension and Diggs (5a) has summarised the information 

available on the effect of strain rate on mechanical 

properties as follows:- 

(I) Very slow loading elimin:ates the sharp yield point in 

steels. 

(II) With increasing strain rate, (i) The yield stress 

increases rapidly, (ii) The Luders strain increases, 

(iii) The maximum tensile stress increases, (iv) The 

value of the yield/maximum stress ratio increases, the 

rate of increase becoming; more marked at hiher strain 

rates. 

Some attempts have been Made to put the variation of 

yield stress %Iith temperature .and strain rate on a quantitative 

basis end these arc briefly presented in 4pendix 'B' together 

-pith references to relevant experimental wor. 	rith 	to 

other materiA properties, Austin and :3teidl (19) showed 

thet both the ultimate tensile stress and the actual fracture 

stress (i.e. fracture load/cros-sectional urea at fracture) 

increased lith the strain rate at fracture uT) to strain rates 

of 20,000 per see. They also showed that the percentage 

elongation end the percentatfe reduction in area increased at 

first, but tended to b e come constant at strain rats above 

about 10,000 per sect 
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At impact rates of loading other effects must be 

considered. 

(i) The fact th'It stresses within a specimen may be governed 

by stress wave conditions :anti inertia effects. This will be 

discussed at a later stage with reference to the instrumented 

Chirpy impact test (see E;ection 5.3). 

(ii) The highly localised heating which can occur in a 

nominally isothermal test will lower the yield stress in that 

region, causing a local instability of the plastic zone. 

One way in which these basic concepts of fracture have 

been employed to predict a ductile-brittle transition will now 

be shown. 

2.3. The Theory of the Initiation of Brittle Fracture in  
nild Steel as proposed by Hendrickson, ';ood and Clark (22) 

Using a hydro-pneumatically operated rapid tensile-testing 

machine (20) the above writers obtained upper yield stress 

values for a given annealed steel as a function of applied 

constant stress rate, Cr, at different temperatures (21). 

This is shown schematically in Fig. 4b. The same machine was 

then used to test cylindrical tensile specimens of the same 

steel, containing an hyperbolic notch. Fracture loads :;ere 

recorded for those specimens which exhibited little ductility 

and the nominal fracture stress, o";11. (fracture load/minimum 

cross-sectional area), was calculated. The type of results 

obtained is shown in Fig. 4a. Also a theoretical elastic- 
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plastic analysis was developed for the specimen and the 

maximum principal stress, (o-a)max. was calculated for 

different values of the nominal stress, urn  (see Fig. 4c). 

It was found that (o- ) 	occurred in the axial direction a max. 

on the elastic-plastic boundary. The analysis was only 

valid when the plastic zones were confined to the region of 

the notch root and thus there was a limiting value for the 

nominal applied stress, ten, which was found to be 

an yd  - 1.5. For cr/cr yd  >1.5 the zones of plastic 

deformation spread completely across the body with very 

little further increase in applied load, and since the 

relaxation type of solution employed was only valid for 

small increments in strain, the analysis could no longer be 

employed. To confirm the analysis the fractured specimens 

were carefully sectioned, polished and etched, then a 

microhardness survey was carried out, all hardness readings 

being taken in regions of ferrite grains. Quite fair 

agreement was obtained between the theoretical and 

experimental elastic-plastic boundaries. 

The writers then proposed that a "brittle" fracture be 

defined as one which takes place while the plastically 

deformed regions are confined to the vicinity of the notch root, 

i.e. while a-n/a-yd <1.5. The maximum principal stress at 

fracture could then be calculated as follows:- 

Let fracture occur at a nominal stress of 0-nf when a 
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nominal rate of stress rise 6i is applied to the notched 

specimen at a temperature T,, as shown in Pig. 4a. Now the 

rate of increase of the axial stress at the root of the notch 

during the period of purely elastic deformation is equal to the 

product of the nominal rate of stress application, dril  , and 

the axial stress concentration factor, k. Thus the axial 
I 

stress rate at the notch root is laT and vie may use this 

value in Fig. 4b to obtain the corresponding yield stress 

value 6- ,. Now since we know or' the ratio a- 1  nf y/0,- 'd  is known, Yu 	yd  

and if this ratio is less than 1.5 then the ratio (0-) a1 
	

Art max. yd 

may be determined from Pig. 4c. Hence the maximum principal 

stress, (a-  )1 	may be found. a max. 

In their discussion of the results obtained, the writers 

state that the values of (a-) 	obtained are constant within a max. 

the probable experimental and theoretical errors, namely 

within the range 200,000 to 226,000 p.s.i. with an average 

value of 210,000 p.3.i. They further state that this critical 

stress is independent of temperature and rate of loading. 

(If, however, the results are plotted against strain rate as 

in Fig. 5, it would appear that at —129°C there is a small 

strain rate effect and a tentative extrapolation would irdicate 

that at low stress rates (a-) 	tends to become constant a max. 
at about 199 x 103 p.s.i.) 

The writers propose that a necessary and sufficient 
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condition for the occurrence of brittle fracture in notched 

steel specimens is that a critical value of the tensile stress 

is reached before plastic deformation extends to the axis of 

the specimen. Thus the transition from ductile to brittle 

behaviour, for the specimens tested, will occur when 

(0-  ) 	= 210,000 p.s.i. at the instant when o-n/yd  . 1.5. a max. 

Now from the data for Fig. 4c the value of (07 ) a max. yd 

corresponding to this value of air/o-yd  is (a;)mux./asra  = 2.34. 

Therefore substituting for (o-) 	= 210,000 p.s.i. gives a max. 

a- 	90,000. p.s.i. -  This critical value of yield stress 
Yd 

 -1   
may be used in Fig. 4b to determine, for a given temperature, 

a critical stress rate at which a ductile brittle transition 

will occur. In fact this method accurately predicted the 

critical stress rate for temperature T2, but it also 

predicted a transition at a certain stress rate at temperature 

T 	and in fact no such transition was found. Hardness 

moo urements, however, did indicate some degree of ductility 

transition in the predicted region. 

The writers also successfully predicted the Energy 

Transition Temperature for Izod sp.. cimens made of the same 

material (23). A similar analysis, using a relaxation 

solution, was carried out on the Izod specimen. The point of 

incipient plastic instability was found to occur when 

0;10/0-yd  = 0.30, where or-nb = Nominal bending stress at the root 

of the notch. The analysis also showed that, at this applied 

stress ratio, the maximum stress was given by aV yo-d  = 2.41. m  
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The ductile brittle transition thus occurred when o-  was equal 

to the critical stress for the material (210,000 p.s.i.). 

Hence the critical value of the yield stress, (Oryd  )c- 87,000 p.s.i., 

could be calculated. After making allowance for the 

indentation of the specimen by the striker the stress rate 

at the root of the notch was calculated to be 9 x 109 p.s.i./sec. 

By extrapolating the lines in Fig. 4b to this value of Cr a 

graph could be plotted of oryd  against temperature for 

a-  = 9 x 109 p.s.i./sec., this is shown in Fig. 4d. The 

temperature corresponding to (cr 
d  )c  = 87,000 p.s.i. is the y 

transition temperature. This temperature coincided with a 

discontinuity in the Lnergy - Temperature curve and corresponded 

to an energy absorption of 20 ft. lb., an altogether 

astonishingly good agreement in view of the various assumptions 

and approximations which were made. Microhardness measurements 

again seemed to confirm that regions of plastic deformation were 

confined to the vicinity of the notch at a temperature at 

the lower end of the transition region, but it will later be 

seen that there is some doubt as to the validity of these 

microhardness measurements. 

2.4. The Nucleation of Fracture  

The simplest idea of the strength of a solid is the 

cohesive force holding together two layers of atoms. Using this 

idea approximate theoretical strengths have been calculated on 

the assumption that failure will occur when the atoms are 

displaced by one half of the atomic distance, but when these 
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values were compared with experimentally determined values it 

was found that the theoretical values were larger by about two 

orders of magnitude (24). This was found to be true both 

when a tensile separation and when a slip due to shear was 

considered. 

Griffith (105) suggested that, although stresses of the, 

magnitude predicted by theoretical considerations did not exist 

throughout the material, it was possible that they could be 

attained locally at stress coicentrations such as nicrocracks. 

He then proposed that the strain energy released at fr,cture 

per unit crack extension be equal to the energy per unit area 

required to form two new surfaces giving:— 

cr _ 2 	4ET   (2.1) 

where 

a— = Yean applied stress 

E = liodulus of elasticity 

2a = Crack length 

T = Energy/Unit area required to create a new surface 

= a Surface tension 

Whilst this theory appeared to be valid for truly brittle 

materials such as glass, it cannot account for the types of 

brittle fracture obtained in m..tals (or even in many brittle 

plastics) in which a small, but by no means negligible, amount 

of plastic deformation takes place. ilethods adopted to allow 

for this plastic •.ork will be described in Section 2.5. 
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In recent years the dislocation theory of slip has been 

much advanced and hypotheses have been developed to explain 

such phenomena as the yield points and strain ageing. There is 

not, however, universal agreement - us to the relative importance 

of factors, such as dislocation locking by solute atoms and 

the lattice friction stress, when considering the movement of 

dislocations. Various theories have been advanced to explain 

and to predict the transition temperature on a basis of 

dislocation theory, but probably that of Cottrell (26) has 

aroused most interest. Cottrell does not distinguish between 

ductile and brittle fracture in the initiation stage but 

sugLaests that it is the amount of plastic deformation which 

accompanies the crock growth to the critical size which is the 

relevant factor. 

2.5. The Propagation of Fracture  

Quite a large amount of information may be gathered 

regarding the propagation of a fracture by observation of the 

fracture surface. Even the fracture surface of glass is not 

entirely smooth, escarpments and surface markings usually 

being visible. The fracture of a sharp notched brittle plastic 

can be clearly divided into several zones such as the highly 

refleCting mirror zone at the initiation. Clear surface 

Markings such as River lines and Wanner lines are often 

visible and an experienceC. observer can often determine 
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the velocity of the crack front at a given stage of 

propagation by the shape of the surface markings, which are 

functions of the ratio of the crack front velocity to that of 

transverse waves. 

Conditions become more complex in a polycrystalline 

substance, in which it is found that the direction of propagation 

in adjacent grains is rarely the same either as each other or as 

the direction of propagation of the general fracture front. 

In fact fracture in individual grains may fracture backwards 

(i.e. in the opposite direction to the main crack front). 

Tipper (2b) has shown that the fracture front is in fact 

curved and of irregular outline. loreover the more ductile the 

material the more attenuated is the apex and the wider the 

angle between fracture planes. 

One of the most obvious features of brittle fractures in 

mild steel, whether in wide—plate tests in the laboratoryor in 

service fractures, is the clear chevron pattern (see Ref. 6 

Fig. 27). Tipper has compared a propagating fracture in a 

plate to the repeated fracture of a series of small tensile 

test pieces, with centres along the centre line of the 

fracturing plate, and with striations radiating from the 

centres. Ref. 5 Fig. 128 shows how a series of initiations of 

this kind can produce a parabolic front of the type observed. 

Although the chevron pattern is characteristic of the brittle 

fractures of mild steel in which a large proportion of the 

grains have fractured by cleavage,it is by no means confined to 
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this material. Chevron patterns have been observed in some 

form in aluminium alloys, glass and plastics. Also brittle 

fractures showing chevron patterns have occurred in austenitic 

alloy steels and have even been intergranular. 

Thus whatever the material it is clear that there is 

always some degree of plastic flow involved in the propagation 

of fracture and the simple Griffith criterion of section 2.4 

cannot often be applied. Two methods which have been evolved 

to account for the plastic work of propagation are explained 

below:— 

(a) Orowan's Theory, (for crystalline materials) 

Orowan (27) suggested that extremely small cracks are 

present in every grain and are widened by plastic deformation 

near the tips as the deformation progresses. It is proposed 

that the growth of such a crack continues until either the 

crack reaches a critical size and the Griffith criterion is 

satisfied, or until it reaches a grain boundary. Because of 

lattice discontinuities and possibly the segregation of 

impurities at the grain boundary, it is considered that far more 

energy is required to propagate a crack across a grain 

boundary than within the grain. Orowan believed, therefore, 

that in general the length of a microcrack was of the order 

of the grain diameter ,and has no particular relevance to the 

fracture problem. Instead of a critical crack length he 

suggested that the condition for brittle fracture was the 

condition for transcrystalline crack acceleration. 



o-  = ( — a 
	  (2.2) 
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where P is the largely plastic aork of crack wall formation 

which is far larger than the surface energy associated with 

the pure Griffith crack. 

(b) The Griffith-Irwin Theory and an Outline of Fracture 

Nechanics 

The large amount of published work in the field of fracture 

mechanics (chiefly by Irwin and his collaborators) has been 

somewhat complicated by a certain amount of confusion over 

notation. Surveys of published work have been made (28, 29), 

however, and these help considerably in understanding the 

basic ideas of the theory. 

Irwin replaced the surface energy term in the Griffith 

theory by a plastic work term, the 2racture Toue-,hness, Ge, which 

is the total work irreversibly absorbed in creating a unit area 

of fracture. Denoting the strain energy release/unit area by 

G, the criterion for crack propagation was awp7estad as 

	  (2.3) 

Another approach to the Griffith-Irwin theory is based on a 

knowledge of the elastic stress distribution around a crack. 

For small plastic zones confined to distances from the crack 

surface small in comparison with the crack length, the theory of 

elasticity is considered to be applicable. 

The stresses very near the root of the notch have been 

shown by Irwin (30) using 'estergaard's stress function 
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or 	0-  = 0 

xY - K cos. 9/2 

(plane stress) 

sin. 9/2 cos. 39/2 

yz = zx . 0 

where 

r and A are polar co-ordinates starting from the tip of the 

crack, K and ox  are stress field parameters. 

ox is relatively small in relation to o-  close to the 

crack and for this and other reasons it is usually neglected. 

Thus K is the only remaining stress field parameter which 

relates the magnitudes of the stresses to the applied loads 

and specimen geometry. K is called the stress intensity factor 

(not to be confused with the stress concentration factor) and it 

has been evaluated for various cases of interest. For an edge 

notched plate, width W, notch depth on each side = a, subjected 

to a uniform stress op-  remote from the notched section. 

Ii 1 0- (w  tan rTa/W) 	  (2.5) 
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Irwin later modified this formula to satisfy certain boundary 

conditions and suggested 
. 

K 	(1-(W tan. 	a/W + 0.1 W sin. 27-ra/W)2
1 	 (2.6)  

He later added a further correction to allow for the plastic 

zone ahead of the crack giving:- 

= 0-(W tan. u + 0.1 sin. u)- 

where u = 	(a + K2/2rTd 2) yd 

This correction was obtained by substitution of the yield stress 

d-yd for or in equation (2.4) along the x axis to find ryd 

the radius of the plastic zone. 

	 ( 2.7 ) 

ryd 
K2  

2-1-rcr 
yd 

	  (2.8) 

  

Irvin has implied, without in fact making a direct statement, 

that a criterion of fracture is K = constant . Kc at fracture. 

This may be interpreted from equation (2.4) as implyinj a 

maximum nominal elastic stress criterion of fracture, but other 

physical interpretations are possible. It should be emphasised 

that K is a stress field parameter independent of material 

whereas c is a material constant. In fact c was thought to 

be a "variable constant", since for a given material it is 

independent of test-piece width and crack depth,but is. dependent 

on plate thickness as well 32 more obvious factors such as 

temperature and material condition. The thickness effect is 

probably related to the degree of plane stress or plane strain 

in the stress field at the crack tip. 



Using a hypothetical work done in closing a crack, Irwin 

WaS able to relate the energy and the stresses and developed 

the following relations between K and G (and Kc and Gc ):— 

EG (a) Plane Strain K2 — 	) 

	

1-1/ ) 	  (2.9) 

(b) Plane Stress K2 = EG 	) 

It has been suggested that the Kc  value associated with 

fracture under plane strain conditions, designated by Kic, 

is perhaps a true material constant. In fact experimentally 

derived values seem to fall between the trio extremes of plane 

strain and plane stress. 

Unfortunately recent work (32 , 33 ) has indicated that 

Kc is not only dependent on the specimen thickness, B, but also 

on the specimen width, W. Within certain limits an increase 

in the W/B ratio results in a larger shear lip fraction 

(see the following section, "The Fracture idode Transition") 

at instability and hence a larger Kc  value. The variation of 

Kc withplatellicitheanbeavoidedbystipulating s 
Ya 

a test requirement, but this immediately excludes many 

investigations of the greatest interest and importance. Tests 

on aluminium have shown that if the W/B ratio is varied so that 

the nominal stress at fracture is changed through the range 

0.80-d <a-nf y <a-d  then Kc is increased by 	0 to 2. y  

It is possible to examine this idea graphically if the 

Gc  concept is employed. If via now take R as the crack growth 
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resistance and Gc as the critical value of G at instability, 

then Fig. 6 shows how it has been suggested that Gc  is given 

by the point of tangency. At first sight this diagram may 

appear unstable in that, at low values of crack length G>R. 

But if we consider a specimen possessing some notch or crack 

of length a, then at low stresses the curve of G will be as 

'1'. As the stress is increased the G curve will swing up 

through '2' to '3', et which stage it is suggested a stable 

extension of the crack takes -.;)lace. The value of R may 

increase to some value R
3' 

Further increase in stress will 

swing the G curve still higher and increase R in some fashion 

until the two curves become tangential, giving a condition 

of instability. Any variation of Gc would seem to be reflected 

in the shapes of the two curves. If it is possible to cause 

the R curve to be shifted bodily along the crack-length axis, 

then the position of the point of tangency will be very much 

affected by the shape of the R curve, a rounded curve allowing 

considerable variation in Gc whilst a more souared off curve 

would keep Gc  almost constant. 

The i'racture node Transition 

Three modes of cracking can ba envisaged, namely, 

(1) opening, (2) sliding and (3) .7crew sliding. In notched 

tensile fractures of sho,:t materials "obli._iue shear" (450) and 

"transverse tensile" (900) fractures have been observed and 
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these correspond with mode (3) and mode (1) respectively. 

This has appeared to be a plate thickness effect, thick 

plates tending to fracture by mode (1), thin plates by mode (3) 

and plates of intermediate thickness by a mixture of the two 

modes, having a central zone of 90°  fracture with oblique 

shear edges. 

It has been sup:e.ested that the type of fracture mode 

transition under discussion is go:-erned by the size of plastic 

zone associated with the crack tip, in relation to the plate 

thickness. If the plastic zone is approximately equal to 

the plate thickness, then plastic sheering in the thickness 

direction along planes at 45°  to the plate surface is possible 

through the . 11ole plate thickness and subsequent 45o fracture 

is poseible. —ith a smeller plastic zone 45°  planes starting 

at the plastic zone boondary on op oeite plate surfaces would 

not join up in the middle of the plate thickness. The type of 

mech,nism sw;rested is shoran in Boyd's diagram, Fig. 7. 

The 	t of 'late: Thicknece, 

The size of the plastic zone et the onset of rapid 

fracture is approximately twice its radius ana thus, from 

equation (2.3) is 

, 2 
	  (2.10) 

TUryd 
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Irwin (46) made another estimate considering the principal 

stresses rather than the cartesian components, the maximum 

principal stress occurring at 9 = 60°. With 01 small he 

equated this maximum principal stress to a- yd  giving a plastic 

zone size 

1.64K 2  

TT0-  2 
yd 

 

(2.11) 

   

He also suggested that expressing the plat thickness B as 

2 

B =01, 
yd 

then a value, ofoLdecreasing from 1.5 to C.5 corresponded to 

the transition from 90°  to 45o fractures. Irwin's 

experimental plot of Kc  against 1/B is shown in Fig. 9. The 

low values of Kc  for thick plate correspond to Kic  for plane 

strain 90°  fractures and a rapid increase in Kc is shown as 

the plate thickness decreases to give plane stress 45°  fractures. 

The dotted line on the diagram is a plot of 

(2.12) 

1 KC 2 
B = 

TT °-yd 

4 (2.13) 

 

which it is suggested divides the plane stress and plane 

strain regions and may be relevant to the 45°  to 900 fracture 

transition. Irwin also suggested an empirical relationship 

between Kc' Kic and 4.. ofthe form 

	

/ 2% 		 (2.14) 
Kc 	l = K.c  (1 + 1.4/4-) 



A rational explanation for this observed characteristic 

has been advanced by Bluhm (34) who made the following 

assumptions. (1) The total fracture toughness (integrated 

over the fracture surface) derives from a dual fracture mode 

mechanism i.e. either a combination of a flat break (which 

may be fibrous or crystalline) and a shear lip. (2) The shear 

lip occupies the full sheet thickness (for a given temperature) 

until a critical thickness to is reached; beyond this critical 

value the total lip width no longer increases (see Eig. 3). 

(3) Once fully developed the shear lip remains constant in 

width along the length of the fracture path, apart from end 

effects at onset and arrest (such as are found in the Uharpy 

specimen). (4) The mechanism of flat fracture is essentially 

a surface phenomenon (energy of fracture oc (t - to) the 

width of the flat area), whereas the mechanism of lip 

formation is volumetric in nature (energy of fracture oc(it)2  

until the lip is fully developed 	is then a constant). 

The last assumption may be oxpro2ed algebraically as:- 

- sl - 2  sl 2 

and 

t < o 
(2.15) 

ksl o  2  t L 

t > to  
-ff = kff  (t - to)Ta 

%/he.ce:- 

The subscripts 'sle and 'ff' refer to ahear lip and flat 

fracture respectively. The 's 	enemy values and the k's 
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are material constants associated with the mode of fracture. 

L is a characteristic length determining the total energy. 

The total energy, 
ET = ES1 	Eff 	

 (2.16) 

Nov the total energy per unit nominal fracture area is 

identical with Gc and therefore, 

ET/Lt 	  (2.17) 

Substituting equations (2.15) and (2.17) into (2.16) gives:— 

Gc = ksl to(t/to) 	for t/to 	(2.18) - 

and 	Gc 	ks1  to(to/t) + kff(1 — to/t) for t/to>1 

An arbitrary assumption of kff  = 1/20 k,1  to  gave a good 

approximation to the observed results. 

Effect of Tem2ertture  

The exact meaning of the temperature transition in this 

field is at present far from clear. The transition may be 

primarily governed by the changing yield stress altering the 

plastic zone or shear lip, or, on the other hand, some material 

propertysuchasKie rrmy itself be changed. 

Ex2erimental Verification of the Theory 

Several methods of measuring Kc  have been mode (35) and 

most applications have been in the field of high strength steels 

for pressure vessels (36) or rocket motor casings. The fracture 

of some sharp—notched brittle plastics, namely polystyrene and 

polycarbonate, has also been shown to follow a law of the type 
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suggested by equation (2.6) and values of Kc have been determine' 

experimentally for these two materials (37). These fractures 

all took place at stresses well below general yield and thus 

no variation of Kc with the Vi/B ratio had to be considered. 

Attempts have been made to apply the theory to the brittle 

(and ucuolly clelvaFe) fracture of mild steel and the following 

section shows one of the most hopeful lines of argument in 

this direction. 

(0) The Crack 02eninc TA.slocation (C.O.D.) 

It hes been pointed out by 'ells (38) that most 

assessments of critical flaw sizes for structural parts employ 

some type of stress intensity K criterion, whilst the relevant 

material property is usually assessed on the basis of some 

test of the V—notch Charpy impact type, in which fracture nearly 

always occurs after general yield. He proposed the following 

link between the two. 

"The existence of a local plastic zone size at the tip of 

a crack, depending on the crack extension G (or stress intensity 

`'actor K) and the material yield strength oryd, implies a 

uniquely related crack opening dislocation 'b', depending only 

on the elastic modulus in addition. The corresponding crack 

opening dislocation in the Charpy specimen is given by the 

product of the angle of bend and the distance below the notch 

root of the plastic hinge axis. For limiting fracture 

conditions in the two cases it is proposed that tiere is a 
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proportional relationship between the two types of crack 

opening dislocation which is invariant with temperature. 

It is proposed that the proportionality factor differs from 

unity mainly because of the different degrees of triaxiality 

and straining rate between the testin conditions compared." 

Mils used the simple approximations to the plastic zones 

as shown in Fir. 10, and assuming that the peripheral elastic 

stresses and strains at the yield boundary were at their 

simply determined limits he obtained:— 

Plane C±:'ess 	Plane strain  

b 	a-  
d   =  77 4r,17 2(271r) 	ZU   (2.19) 

2 Ti rcr . . b =Yd  
= • • • 

 

  

    

ells also made another estimate of the C.O.D. using 

estergaard's expressions (Equation (2.4)) for the crack 

opening displacement vithin the crack at any distance r from 

its tip. 

1,7 	2K /2r   (2.20) E  

Now an the yield boundary r = rya  is given by equation (2.8) 

(for plane stress) as 

K
2 

r = yd 7;72 
yd 



b = 2'1= 4K2 	
= 	) 	

 (2.21) 

yd 	cryd 

substituting for r = ryd in equation (2.20) gives:- 
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If the above equation for ryd is substituted into the simply 

determined value for plane stress, equation (2.19), then 

it is seen that equation (2.21) only differs from the simply 

determined value by a factor of #-1  . 

'ells concludes that the C.O.D. is strictly related to 

the crack extension force and stress intensity factor under 

locally plastic conditions but that the proportionality may 

depend on the degree of plane stress or plane strain. He 

sugEested that, within these limitations, the C.O.D. might 

be regarded as an index of fracture toughness where fracture 
r. 

ensues only under conditions of full plasticity such that the 

local plastic zone size ceosec to have any practical meaning. 

If slip line field solutirns for the V-notch Chirpy specimen 

ere employed,then b may be 0:11culeted for an angle of bend G°  

on the assumption that the two helves of the specimen rotate 

around the rigid core. :ells used a pure bending solution 

end obtained b = 1.2 G x 10-3  in. If e three point loading 

s(letion (40) is used inste:Id then 

b = 2.49 G x 10-3  in. 	 (2.22) 

This also is only an approximation, however, Vbcause the slip 

line field solution is considerably complicated when the notch 

root radius is considered. 

This concept of a critical displecement criterion for 
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fracture has also been suggested in another context. It has 

been shown that under certain circumstances, including many 

cases of service failures, fractures do occur at stresses 

well below the level of general yield. For normal notch-

tensile specimens, however, it has been found that fracture 

does not occur until the applied stress produces a general 

yield across the entire load bearing section embracing the 

root of the notch (41). To produ)e fractures before general 

yield in mild steel it has been necessary to "damage" the 

material at the notch root in some fashion such as pre-

compression (42, 43) or nitriding. A concept involving an 

"Exhaustion of Thictility" has been introduced to explain this 

phenomenon. The follo:iing theory has been developed ahich 

uses the critical displacement concept to give one explanation 

of the above in relation to specimen size. 

(d) A 14acroscopic Theory of the Initiation of PrectureLby 

Cottrell (44)* 

At temperatures above the nil-ductility temperature for 

a notched specimen the material at the notch root becomes 

ductile and the plastic strain in t:iis region becomes much 

greater than the elastic strain. Cuch plastic strains can only 

be produced at the root of the notch if they are accommodated 

*Note: Although a theory of fracture initiation, this theory 
has been included in this section as a comparison 
with the Crack Opening Dislocation concept. 
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by far-reaching plastic zones which extend to large distances 

from the notch. The location of such zones in notch-bend 

specimens has been shown by Crussard et al. (45) and by 

Knott, by etching with Fry's reagent. Rigid-plastic analyses 

on such specimens have been performed by Green and Hundy (39) 

and by Alexander and Komoly (40) and these predict similar 

zones. The type of deformation pattern obtained is shown 

in Fig. 12. The plastic zones consist of thin curved arcs 

which act as plastic hinges around the rigid central portion. 

It is possible to work the metal heavily at the notch root 

to the state at which it undergoes ductile fracture and causes 

a crack to run into the unworked material behind the root, 

even though the total work remains small. If this running 

crack propagates with comparatively little further plastic 

work, then an essentially brittle fracture is obtained. If, 

on the other hand, the crack advance is accompanied by further 

far-reaching plastic zones,then the total plastic work will 

be high end the fructure ductile. 

In a more recent paper (44), Cottrell has plabed these 

factors on a somewhat more euantitative basis. He uses an 

analysis by :liwinden et al. for a two-dimensional slit in an 

infinite body subjected to on overall shear stress a;, which 

produces yielded zones spreading symmetrically outwards in its 

own plane, as shown in Fig. 11. 

Taking L and a as the distencos from the centre line to 
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the ends of the plastic zone and of the slit respectively, 

u, the plastic displacement at the end of the slit, and 

measuring the applied shear stress in units of the shear 

stress for general yield, 58  (44/1000), the results shown 

in Table I were obtained. 

Table I - Spread of Yield Zones from a Slit Subjected  
to Shear Stress  

0-s 0.1 0.5 0.75 0,9 0.95 0.99 0.999 0.9999 

104 u/a 0.16 4.4 12.1 23.6 32.4 53 82 112 

L/a 1.01 1.41 2.6 6.4 12.8 64 640 6400 

It can be seen that for small stresses the yield zones are 

localised but as 0-  approaches or-  , the yield zones spread to ys 
iranense distances from the slit, in the limit merging into 

general ,yield. 'or small stresses the equations on which 

Table I is based reduc3 to the follosing, simpler, form:- 

a_ =1
2 /4  

Td 	  (2.23) 

  

Now o-Ysu is the plastic work done in shearing unit area of 

the yield zone to a displacement u. If we now identify u 

with the required displacement for ductile fracture then oru is 

P the effective surface energy of fracture and we may re-write 
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equation (2.23) as:— 

This is essentially the Griffith—Orowan criterion for fracture 

with 0-  as the shear fracture stress (c.f. ecuation(2.2)). 

It is necessary, if these results are to be applied to 

fracture initiation at a notch, to decide upon a critical 

value of u for fracture and Cottrell suggested a value 

u = .003 in. Substituting this value of u into Table I gives 

the values of a and L shown in Table 2. 

Table 2 — 	'Strecces and Notch Si:;es to Initiate  

Fracture from a Sharp Notch (assuming u . .003 in.) 

0-  0.1 C.5 0.75 0.9 0.95 0.99 0.999 0.999° 

a 180 7 2.5 1.3 0.9 0.6 0.37 0.27 

L 182 10 6.5 8.3 17.5 38.5 240 1730 

It is seen that in large structures, :thich are able to 

accommodate the plastic zones, fracture can occur at stresses 

below the general yield stress. Also with a large notch, soy 

2.5 in., if the structure is able to accommodate the 6.5 in. 

plastic zone, then fracture can occur at a; = 0.75 asrs . This 

would help to explain the observations of Wundt (46) that a 

9 in. square bar containing a notch 1.8 in. deep and of notch 

root radius C.001 in. fr,ctured at approximately one half of the 

z2-111P 	  (2.24) 
a 
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general yield stress, whereas smaller specimens were able to 

Withstand stresses equal to or greater than general yield 

before fracture. Cottrell also concludes from Table 2 that, 

for mild steel, although fractures below the general yield 

stress can occur, they cannot occur at normal service stresses 

unless the notches are so large as to be obviously detectable. 

It was noted that the above mechanism is only true for 

fractures which are initiated in a ductile manner, if the tip 

of the notch is embrittled in some way far smaller values of u 

become possible and brittle fractures may be directly initiated. 

Now the order of plastic strain at the notch root 

envisaged by Cottrell was very high; in fact, in obtaining the 

value of u ^ .003 in. he tentatively suggested a ductile 

fracture strain of 50;L. This is a far higher value than was 

thought likely by earlier writers and it has been generally 

accepted that the surrounding elastic region limited the 

plastic strains to about 0.4 before the ons4:t of general 

yield. Rendell (47) pointed out that it can be deduced from 

the results of Green and ilundy, ;lso of bequear and Lubahn (57) 

that for notches where a/r 40 (r = notch root radius), tie 

maximum /plastic strain at general yield is not greater than 

about 31/.. If the material under discussion is ductile in a 

normal tensile teat at the same temperature, then it does not 

seem likely that ductile initiation of fracture will take place 

at 3; strain. Por a/r <40, however, there are few examples of 

4 
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fracture before general yield at temperatures at which the 

material is ductile in a slain tensile test. In addition 

to Hendrickson, Mod and Clark, Rendall Also mentions Lean 

et al. (48), but in both cases quite high strain rates weie 

employed. A further point raised by Rendall -3as that 

Cottrell's calculations did not include a term for the 

thickness of the plate. 

The above theory introduces one tentative explanation 

of a size effect; other factors involved will ncy:i be c,xumined. 

2.6. Size affect  

The existence of a size effect was noted at an early 

stare in the study of brittle fracture. :'tnton and Latcon 

(62) were probably the first invectitors to take care to 

rbtain true geometrical siTalinL. They tes 	five SiJE:: of 

Charpy impact specilaen, geom,Arical 	in the t .at 

piece and loading system being 1:lainteined tarclighout. Their 

results showed that the energy absorbed per unit 	at the 

bottom of the notch exhibited a marked increase as the 

specimen size Jac reciuced especially in the case of the 5 r.r,  

square specit3ens. Docherty (63) confirnied that this effect s 

still present under conitions of siory bndin 	(in this case 

Izod type E-Tecimens were used) end also noted tat the s,nergy 

absorbed was increased by the speed of loading, provided that 

the specimen remained ductile. It is interesting to note 

here that Locherty mentioned the fact test the cracking of ti,e 
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largest specimens was extremely violent, the broken halves 

of the specimen jumping several f et from thetesting mflchine. 

These aspers and others have been reviwed by Tipper (6, 49) 

and by :ells (50). 

It is desirable, before the effect of a notch is 

discussed, to consider the conse_uences of increasinr: 

dimensions in an unnotched specimen 	acme of the points 

mentioned in the above review aro 

(1) iletallurLical :affects  

Lachenzie (51) took a large number of s'imples of ship 

and structural cjiality steels and from the results of V—notch 

Cherpy impact tests at a given temperature he found that the 

energy absorbed and the fracture appearance wer closely 

dependent on the thickness to which the plate had been finally 

rolled. 	nci - lary investigations indicated that this effect 

of increasedembrittlemont with increased thickness was 

associated pith the lure 	size 	ted i.th the 

thicker plates. The increased grain size is itself a 

conseuence of the higher temperature at 	rolling 

finishes and a slower rate of cooling from this temperature. 

(2) Increase in the Number of —efects 

(52) postulated that the distribution of defects 

in a material is such that 	rclativ 	small numbr cf large 

defects and a large number of small defects exists. hur for 

given severity of distribution the probability that 

particularly severe defect w 	occur in a specimen increas,-s 
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with specimen size. Irwin (53) showed that the fracture 

size effect of brittle materials can be represented by a 

statisticol distribution of floe as proposed by -eibull. 

-lso, since yield ene fracture often begin or the aurfuce of 

a specimen, the larger specimens hdving 	greeter surfdce are 

dnd thus a 	ate -s probability of Flirf. ce Zln b, .d.11 tend to 

fracture at locir stresses. 

(3) 

  

stic 

  

      

111. strain energy vailable for sudden yielding or .:' r 

fracture depends not only on the stiffness chn.-acterietics 

of the testing machine, but al.eo on the dimensions of the 

specimen. There is no doubt that the evailublc strain energy 

ploys on importunt port not only in the size effect in the 

ductile-brittle trsnsition, but also in the stobility of 

fracture in general. This will be seen later Then unstable 

ductile fractures are discusssd. 

,lthough, so far, unnotched seeciLiens hove been 

considered, any consideration of efects in the material 

implies the introduction of o notch and the effeet of notch 

type n(-1 geometry must 	cnsidered. 

The energy absorbed in otendard imp,ct tests deorcuses 

notch sharpness until the root radius is about 0.010 in. 

(i.e. the V-notch Charpy impact test), beyond this point there 

is some uncertainty whether incroasirL,  the acuity has any 

effect. It has been sugrested that the V-notch Chirpy 
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that may be imposed in 	standard impact bar (54). :lore 

recent investigatiens (55), however, have shown that a 

fatigue crack or arrested eleev ge crack can loer the 

brittle fracture strength by abeut 35d compared with a 

0.005 in. notch. This large difrerence - ras only observed 

on the large size of specimen and it was suge sted that the 

diffeeence might eisa pear el-to-ether if relatively small 

specimens vier° tested. It must of course be remembered that 

the ec,,lity of fJ given type of cr 	will not very with the 

speeimen size and thus geometrical similarity in notched 

specimens is no longer maintained once a crack has formed, 

the crock being effectively sh arper in the larger seeeiene. 

Lubahn, :,achy and their collaborators hove published 

a series of papers on the effect of temperature dnd size on 

the notch strength and ductility of steels (e.g. 56 — 59) 

and these have been briefly summarised by 7iendall (47). 

Lubahn found that at room temperature gradual tearing was 

folloed by sudden or intermittent cleavage, depending on the 

size and geometry of the specimen. He also pointed out that 

both depth und width are necessary for catastrophic failure 

and that neither large width nor large depth alone is 

sufficient to caue this size effect, if the other dimensions 

are small. Luba 	k hn too care to distinguish between a fracture 

which 'ass initiated in a brittle 	;11, ono which undergoes 
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considerable plastic flow, nven at points remote from the 

notch bottom, before brittle crack propaL:ation. The fracture 

energy considered in si?,e effect tests of the Docherty type 

is of course the total energy 	i3 (epcndent on both 

phases. Lubahn considered th t there ass  no size effect as 

fr as initiation of fr-cture is concerned (59). This was 

b',sed on the fyct that the ductility at fracture, 

by ,:,irect measurements on a small gouge length at the notch 

bottom or by bend angles, was of the order of 45d for both 

in. scLuare and 0.4 in saare specimens. 

,:.;ter work by Lubahn an,j Iruktyaa (60), :,.owever, using a 

cycling type of slow bend test on geometrically similar 

Charity V—notch secimens of nickel—molybdenum—vanadium steel 

found that the notch ductility at fracture decreased from 

about 30: to 3;, .Then the specimen dimension changed from 

0.2 in. to 9 in. This size effect 'ass found to ha  more 

severe in the smaller size range. 

—ells tested a series of geometrically similar notch—bend 

specimens and Was able to confirm 73ocherty's results, 

suppression of brittle fracture in the small sizes with a 

gradual increase kith size of the percentage brittle area 

in the larger specimens. He also used measurements of the 

temper Lure wave set—up by the fracture to calculate the 

surface energy, and obtained a good comparison with his 

calculated value. Me surface energy values were found to 

decrease with spcimen size. 

e may examine size effect from the point of view of 
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fracture mec.lonicE if we tok;2 on c, 	oueh 	'hen 

at fracture, 

K
c 	

o.- (W tan. 	+ 0.1 • sin. 2 no;'  

This is not strictly a true size eject since unit 

thicknoss le moirtained th.rouchout, but it is `seen thot if 

the notch depth, i.e. the ratio ar7 is 17ept conetont then 

the value of cr at fracture ;;ill (:etend on 	J:or small values 

of W, o-  will hove to be lerge to EivL the desired value of 

K 	It ha- olr,o(y 	not..,.. that the direct a 	of 

an eou tjor of the obovo type tc th,  cic 	;cture of lolly 

steel ls in come dout. 	ond _:ruck:; (a) us::d their 

standard pre-compression treotmcnt (42) to obtoin brittle 

fracture initiation at a nominal stress below the oriEinal 

yield stress in notched tensile test nieces. :,11 the p_eimens 

tested :ere ;;in. thick and 10 in. long, but the width 

varied from 3t- in. to 20 in. The results exhibited quite a 
large amount of scatter, but ne size effect nos exhibited by 

those plotes which 11Jd a idtho 	of 3 in. or more. The 31  — in. 
3 

plates, Oowever, did not fr cture at oil at nominal stresses up 

to yield and it was sug,7ested that this could imply a cut-off 

size effect. They concluded thot a Griffith-Irwin type of 

theory Was not applicable. Yla:? cxoct significance of the pre-

compression treatment, however, is by no menns certain, end 

although such prior dam e con undoubtedly make the initiation 

of a brittle crack possible cat a much ower stress than would 

be possible in en undarc :red ploto, it cannot be cate:orically 
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stated that this treatment entirely eliminates the 

"initiation barrier" in mild steel. 

If e consider tic G 	H concept (section 2.5(b)) then 

it will be seen that whereas G is a strain energy term 

depending on D3 (where ') is 	specimen dimension),11 isa surface 

energy term dependin::: on D
2
-. Thus the instability point Go  

vd11 be reached at relatively loer applied stresses in the 

larger sizes. If, lowever, :ire consider _Hluhrritz sutzestion 

then it is seen that Eis also a volumetric term and it is 

only E , which isceD2. Thus since h >1:, there .:ould• 	be 
fi 	 sl if 

little sie effect on this basis until tha tem.perature 

conditions were such that en almost entirely flat fracture 

aa  obeined. 

In most of the theories of brittle fracture the yield 

stress is net considered to be a tilL.ntity which is dependent 

on the else of th sp cimen but only on such factors as 

stress system, strin rate, and temperture. dicherds, 

however, has determined the yield stress for mild steel 

specimens tested in tension (64) and in bending (65) and 

from these reuilts he has sugested empirical relationships 

between th.: yield stress and the specimen volume. In both 

cases there was a considerable dros in yield stress as the 

size was increased (e.g. tensile ield stress decreased 

from 60,300 p.s.i. to 53,550 	dhen the specimen 

diameter w: 's increased from 	in. to 1..1 in. ). 



62. 

:11en considorinE notched specimens, the yield stress is 

affected by another factor. X—ray measurements have 

indicated that the up. per yield point of 	carbon steels 

m-y rise abnormally high, up to two or throe times the value 

of the lower yield point, if the high stress is concentrated 

in a very small volume such -Is the olastio stress concentration 

at the root of a notch (66). 



	3 - 	T7,1:7TS 

damTlee of four -dmiralty path greed steels were available 

for testing (2., 3, U and V, see of. 67), and it was necessury 

to o lect to of these 	-:/ere liely to differ in Choir 

:;enavieur -;;ith respect to strin rate in order that suitable 

stocks for i testing programme might be obtained. The most 

simple :;ay of in-L.cducing 1 velocity effect was to employ the 

variable pendulum releas angle facility of the available 

impact m.lchine (soc :-ction 5.1.). , rev; specimens 	each 

steel 'iere tested at eiffef.ent temper tures to give an 

outline of th, t:.:ansition re ion one a temperature vius 

s_lectod for :.'Ch steel at 	ioint just at the lower end of 

the transition rance. .1 6  • ri s of specimens - ere tested at 

this triper'tune, the initil n Tle of tt pendulum beinL 

docf.oase,i for suc,1 	sodei-Lens until Cr.cture 	to 

occur. Jnder 	circumhtances the pendulum rebounded Ind 

could .0 -2 caught v;ith the 1:,anlzylly operated brae befoi-e o 

second blO.; toLk p1  ;cc. Me usual measurement 01 enertsy 

abso2be-d oh the2 	the 

on at te .true: f cc Ala the cohtrs,ction at the rcot 

notc. The result en.Thied the .teels to be diidod 

into t,o .zroups. 	ith one uoup, tje energy absorbed .:. 

approtely constant ,:ith necreusing initial angle until 

the Ii_notic enorgj 	 insuL:icient to cruse 

fracture. This is the type 	Iviour :Lhibited by 
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in 	22. :ith the other group, however, specimens would 

fracture with los energy absorption at high impact velocities, 

yet absorb up to three times as much energy qithout 

fracturing at low impact velocities, the behaviour being of 

the type shown in Fig. 23. It appeared that there might also 

be a difference in behwieur between the two steels as 

revealed by the lateral expansion measurements, but there 

was a fair umeunt of scatter nresent and the results were far 

from conclueive. 

Unfortunately, with the uv: liable testing mechine, it 

%las not possible to very the -eendulum II32 so that the 
F. 

kinetic energy available at impact might be held constant 

and only the impact velocity varied. Lven if the observed 

difference between the two groups was only partially 

velocity effect it eas deemed a sufficient basis, in the 

aesance of other evidence, te :loot two steels, namely 

and 'V'. The actual steels obtained v./ere in fact the 

ordinary mild steel 'P', which '.was similar to 'A', and 

Plate 2997, which was steel 'V' but from a different melt 

than the original sample. 

_;i.miler tests w-re then performed on the new steels 'P' 

and '7' and the results obtained are those in Figs. 22 and 23. 

These results do not in fact show the difference between the 

two steels as clearly as did the erlier tests and are 

presented in preference to them mainly es a logical addition 
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to the other results which are all on the same two steels. 

In particular, the original sample of steel 'A' did not show 

the "valley" in the curve of lateral expansion against 

velocity which is seen at low velocities in the curve for 

steel 'P'. The former was, however, tested at a lower 

temperature (-30°C.). 
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S:CTION 4 — SLOW NOTCH—B:ND Ta;TS  

4.1. Apparatus  

The slow notch—bend tests or all three sizes of 

specimen were carried out in a standard 10 ton Denison 

testing machine, which had the advantage of possessing 

a number of comparatively low load ranges (0.5, 1, 2, 5 

and•10 tons) together with a fairly rigid construction 

and a large loading area. The anvils and insulated bath 

were located on the lower, weighing, cross—head whilst 

the striker was fixed to the upper, movable, cross—head. 

The Denison testing machines are sufficiently well—known 

not to require a full description and it need only be 

said that the hydraulic system consisted of a v3-A.able 

delivery pump with course and fine by—pass valves connected 

in the input line to the loading rams. The desired rate 

of cross—head movement was obtained by adjusting the rate 

of pumping. Once the appropriate rate of pumping had been 

set, the coarse by—pass valve was the only control re:luired. 

"hen partially open this allowed the cross—head to remain 

stationary whatever the rate of pumping and, 	a 

simple lever control, it could be closed quickly end 

conveniently to start the test. The fine by—pass valve, 

which is emplryed for most routine testing, was only 

required for calibration tests. For the bend tests it vise 

found that a more uniform rate of cross—head movement was 

obtained if the by—pass valve acre both 	closed during 
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the test. Another useful machine facility was a cross-head 

movement limit switch which was adjusted to switch off the 

motor just after the specimen had been pushed through the 

anvils, so that there was no danger of damage occuring by the 

specimen being compressed against the anvil block. 

The basic slow bend jig for standard specimens is shown 

in Fig. 13. The striker and the anvil inserts were made of 

"Nicrolin" quenched and tempered to approximately 500 D.P.H. 

The anvil inserts were bolted into an anvil block of mild 

steel, which was itself bolted to the base of an insulated 

bath. To prevent excessive heat loss by conduction to the 

lower cross-head, the bath was placed on a block of "Sindanyo", 

which was located directly beneath the anvil block. t, 

clamping device bearing on the vertical tie rods of the 

testing machine allowed accurate adjustment of the anvil 

position with respect to the striker. The overall loadin6 

system is shown in Plate 1. 

The loading system in the slow-bend tests was rekjared 

to resemble, as closely as possible, that in the Charpy 

impact test. Unfortunately there are no universally 

accepted standard dimensions for °harpy impact machines 

and dimensions such es the nose radius of the -striker may 

vary considerably. The Charpy impact machine which was 

available will be discussed in greater detail later, but 

its dimensions were found to be in accordance with 
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B.5.131, 1933. Thus the standard size jig was made to 

the same specification*. To keep geometrical similarity 

when testing double and half size specimens, the striker 

nose radius, anvil insert radius, and the distance between 

the anvil inserts were doubled and halved respectively. 

The anvil inserts for the half size specimens were designed 

to fit into the standard anvil block, but the inserts for 

double size specimens required a more massive anvil block. 

Three separate strikers with the appropriate nose radii 

were required. 

To ensure accurate location of the specimen two 

locating stops were provided, (i) a back-stop which located 

the specimen at the mid-width of the striker, and (ii) an 

end-stop• which ensured that the specimen was struck 

irmiediately opposite the notch. The latter stop was in 

the form of a pin which stood slightly proud from one of 

the anvil inserts. Care vtas taken not to use too large 

an end-stop in case of interference with the free bending 

of the specimen. with the aid of these stops and a 

.1ocating tool, specimens could be quickly and accurately 

located even when the anvil itself .;;Lis obscured by the 

liquid in the bath or by vapour, which was generally formed 

at the lower temperatures. 

*Note: The British Standard Charpy impact testing machine 
dimensions have recently been altered 
(B.S.131: Part 2, 1959). 



69. 

(a) Instrumentation  

(i) The AutoLraEhic Recorder 

For the original slow notch—bend tests on standard 

size specimens, the rote of loading Yes considered 

sufficiently low to employ a mechanical recorder, end the 

auto _graphic recorder fitted to the testing machine was 

modified accordingly. The standard reorder used a system 

of belts and pulleys to convert the extension on a .7iven 

ececimen ceuge length into a certain rotation of a drum, 

-ehich :ids fitted with svIall 	te encaje in holes in a 

paper chart. The paper feed 'ias from a reel at the back of the 

recorder. The load was indicated by a pen clipped to the end 

of a lislh rod, 'which wus attached by a pin joint to the 

f7'.nal lever of the testing machine - ieighinE system in such a 

.y that the totel pen teavel ecross the graph paper was 

caused by full scale eeflcctien on the mechine dial. The 

en rove:eent ea constrained by cuides which gave e lo d 

•.xis 	.!,',11e1 to 	!_axis of the drum. For the slow notch—

bend teats, however, the movement of the steiker end hence 

the cross—he,  , 	reeuired end to provide this the cross— 

head position indicator, which vies fitted to the machine, 

wes utilised. The uceer cross—head carried 'with it a rock 

which enga ed with a pinion fixed to a short shaft, the 

rotation of which vies converted into horizontal movement by 

me ens of a screwed block sliding in guides and gas finally 
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indicated on a dial auge. To drive the recorder, an eight 

inch diameter pulley was fitted on to this short shaft and 

connected to the recorder drum shaft by a flat belt drive: 

The original extensometer fitting was not removed, however, 

because it incorporated a tensioning device for the drive to 

the recorder drum and this was still required and can be 

seen in Plate 1. 

The drive from the new pulley had the effect of 

rotating the drum in the opposite direction to its previous 

motion and becauee of this it was necessary to provide a 

evice to rotate the storage reel and take up the slack in 

the paper. This was done very simply by wrepeing a cord 

_around the spindle of the chart reel and hanging a small 

weight en the end. 

No calibration of the load scale was needed because the 

nen travel wadirectly proportional to the testis; machine 

dial reeding. The testing machine itself had recently been 

checked eceinst a dead ':ieight load tester ane no further 

calibration wee theught necessary except to ensure that the 

chart and machine dial readings did in fact coincide. Ihe 

deflection scale eis easily calibrated directly against a dial 

gauge mounted on the anvils with the plunger bearing on the 

top cross—heed. The deflection of the cross—heads and, more 

important, the verious parts of the bending jig, were taken 

into account by loeding on a rigid specimen end taking a 



load—deflection record, thus in effect givine an inclined 

load 

It was obvious from the records that the mechanical 

r.. corder was in error when a sudden ,rop in load occurred 

'sue to a brittle crack and it .:ias suspected that at the 

fastest rate of slo.:;—bending (12,000 lb./sec.) the recorded 

load might in fact be 1g{j_ng. 

load cell employinfT resistance strain 	 Ilges v.:as 

contructed and calibrated, and, as will be described later, 

true load—time curves were obtained. 	constant speed motor 

;:ith reduction 	 ar2mjea t urive the riaordar 

arum ,nd thus records of -L1. mecaanic.Illy irn,icat-d load 

ajainat time coald be obtained. :Is 	check on the :a per speed, 

a time marker was fixed to the racord,,,r pro:lucing time mirks 

at 1/5th. second intervals. Thus a true load time curve 

conid be superimposed on the in:,icatea to id time r. cord. The 

results of slow—bend teats on two Chirpy specimens at 

different rates of loading .1re described in .:7-)pendix 1:'. 

It was apparent frog: these tests that the di:ram 	the lour 

rate .as fairly accurate and it was possible to Apply a 

correction factor to those recoras already taken. 	the 

higher loading rate, however, a quite considerable error 

introduced and the recorder in its existin form ':;as not 

sllitable. It Was .ecided to investite ld 	vibration 

characteristics of the final lever arLi eighinr: system of 
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the Denison Testing I.1chine. 

By the methods described in Appendix 'D' the respons:. 

of the recorder 'ms greatly improved end -eve no epparent 

error 	testing ductile specimens 	rates of loading, 

but at higher rates the error w,is too great to be acceptable 

and it vies decided to design a ne,: recording system. 

(ii) Electronic UecordinE SLstem 

Load Cells 

Three separate load cells were made to suit the 

load ranges reciuired by the three sizes of sp:.cimen. .c'pr the 

doable size specimens 	cylindrical load cell ith three 

longitudinal and three trnsvrse 1,500 ohm resistance strain 

j:auges 'fas employed, the longitudinal and trn. verse ;7au-es 

forming to adjacent arms of a bride. To held the stAI-er 

firmly in place it W!!2 necessary to have 	pre-load 
	

the 

load cell and this a s arranged by lo iing thraugh ;ell vi11e 

crashers to give 2 pre-lo d of 4 ton (see Yi. 14 ). It Jus 

nH, cessary to have this pre-lo _d aplied through a sprin 

system because otherwise the Cirt load on the all, by 

compressing the lor,:d cell, would relax th,3 pre-load and cause 

non-linearity. 'Jith the siring system in place the ss.11 

amount of compressive deformation that the cell under 2,nt 

did not affect the -re-load apnrcoibly. 

"hi .s simple type of load coil coiCld not be used for the 

lower loads because of the -unrcr of buoning in very thin 
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cylinders and ring load cells .':ere de:dgned instead. The 

dimensions of the load cell for )1alf size specimens tocother 

.'ith its clamps :are shown in 	1 J • The cylindrical boos 

attached to thJ,  top clamps cozIld be bolted underneath the 

movinc cro - c-ho d of the 7:enison 	achine in lace 

of the normal compression block. T:Jo 1,500 ohm resistance 

strain :-;:auE.es were fixed side by side at ,:och of the 

positions 01, 03, G5 and 07 (i.e. Caues G1 and 02 at 

position 01, Gauges G3 and 04 at position 03, etc. ). The 

auge were connected as siton in 	16 to form a four arm 

bridr-v. The lo ,,c1 cell for the st nu ird size spocfm,,n_, 105 

of exactly the sme type, but ha tne 

for t, ring:- 5.025 in. L.1., 4.149 in. I.L. nd 1.43 in. 

auceo .;:re coat 	.ith 'a 	both as 

-,7%terolYoofing nlent an -.1 for :rotectinn 	"'Yi - 1 

dar 

1.••••••• 

_ 'Cr thT: 	L,rd size speci:Lens a long, duralumin 

cantilever of 0.500 in. x 0.139 in. cross-section .'es a:Hm7oed 

horizontally on a block fixed to one of th rear tie rods of 

the t.:stinc machine. 	spherically copped screw of th tpe 

used on dial au, :e plunE:ers 	scre-aed into the cantilever 

at a point 17 in. fror, the built-in end. The movement of,  the 

striker ;as tranz,,,mitted to this scre.: by means of a ri id 

arm bolted to the striker. !iesistance strain paugec warc 
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fixed to the cantilever at a point approximately 1 in. 

from the built-in end. Initially two 1,500 ohm ,auges were 

used, one on each side of the hentilever, but two mo.ee 

were '.added later to increase the output. The eugee were used 

:22 two adjacent arms of a four arm bride end the bridge 

output -as found to vary linearly ith uefloction over the 

range re ;aired (ep-eroximetely 1 in.). The load produced 

by the cantilever WU2 small in comparison ::ith the total load 

tel:en 

	

	the etrier and the error ceusea ias less than - 

h22 was not true, however, e_hen e suiteble cant . lever 

desiL:ned to'meesure the 	.eection of the half si:;e. 

specimens; in thin case a considerable error (V) would have 

been introduced had the same eystem been employed. It was 

therefore found neceesery to develop an alternative system 

end a carbon strip potentiometer device 	constructed. 

A half inch wide strip of pure carbon on e backing of 

paxolin -:12E3 mounted en a vertical steel plete carried by the 

striker (see Plate 2). An insuleted terminal was fitted at 

the top of the strip and holes were tapped at various pairs 

of points on either side of :.he etrie so that small terminal 

clips could be screwed in to connect the strip to the steel 

backing, plate. 	wes thus possible to apply e potentiel 

difference between the top of th strip end any desired point 

alone; its length. In the ceee of the heal '.7 eize specimens, 

it wes found convenient to aptely a potential of 6 volte 

across a 1L in. length of stria. A rigid pillar was 
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bolted to the anvil block an carried at the top<a Jilor•t 

ebonite arN which coitld be :? ivoted in e horizontal plane 

and clamped as desired. 	sprin:;-lodod cont.J,ct was fitted 

at the end of the ebonite arm JO :a:11 to wipe -long th,,  crbon 

strip, -nd to ensure a good contact with The strip a 13na11 

hemispherical platinum contact 	ed. Me ,otenti'd 

difference between thE. boekin pl a te end the movin cont a ct 

gave a deflection signal which vried linearly with striker 

travel. This was a true TILO011fe of th movement of the 

striker relative to the anvils ,,nu v,'-As unaffected by the 

deflection of the ring load-cell. It 	convenient to 

apply a backilv off voltaFe to till b circuit so th:ct 

resultant output from theelection 

ner,ative and racucea to ,J,pproxitely zero at the point :hen 

the striker first ma6Le contact ;ith 

shown in 	17. 

	

This .ystem, 	was c. ,.p-,ble of resolution do'm to 

at least 0.002 in., wis 	us 	for 	of 	2 L. ter 

tests on standard sie 	 very siilar 

(with the steel lyilckin plate mwInte..1 directly on the Loving 

cros:T-head) was used for all the tsts on double size 

specinens. 

Calibration 

Tho load cells were calibrated directly a2.. inst the 

72enison Testin 	,,chine. The :outhern Instrur:lents brie 
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unit employed contained a built-in calibration device which 

allowed given resistances to be shunted across one arm of the 

bridge, thus simulating a resistance change in the gauges 

(see Fig. 16). This calibration was carried out immediately 

after the direct calibration in the testing machine, allowing 

the indirect calibration to be related to the true load 

calibration (e.g. 0.5 megohm calibration resistance = I ton). 

Thus at any stage during the test programme a calibration 

signal could conveniently be inserted as a check on the 

battery voltage or the gain value of the amplifiers. A 

similar bridge unit was used with the cantilever type of 

deflection pick-up, but for the carbon strip type which did 

not need a bridge unit, only the supply voltage visa checked 

during the test. 

The direct deflection calibrations were carried out 

using a dial gauge reading to 0.0001 in. carried on a 

magnetic base. The deflection of the anvil inserts etc. 

was allowed for by loading on a triple height un-notched 

specimen of hardened steel and recording the apparent load 

deflection diagram, the shear and bending deflections of this 

specimen being calculated and a correction made. 

AmElifzinE and Recording Gear 

Matched units made by Southern Instruments Ltd. were used 

and the connections are shown in the block diagram, Fig. 18. 

The output from the bridge units (or from the carbon strip 
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potentiometer when employed) was fed into two d.c. pre-

amplifiers, which incorporated built-in drift correcting ampli-

fiers and hum correctors. The latter were able to eliminate 

any 50 c/s pick-up in the signal. The gain of these amplifiers 

was only adjustable in three steps and a suitable bridge 

voltage was chosen to allow as large a part of the total 

amplification required as possible, to take place in the drift 

corrected amplifiers rather than in the oscilloscope amplifiers 

or pen-amplifiers which were not drift corrected. A limit 

was placed upon this by maximum output of 20 volts peak 

to peak from the pre-amplifiers. The oscilloscope used was 

of the double-gun cathode-ray tube type with independent beam 

and plate controls, and the load and deflection signals from 

the pre-amplifiers were fed into the Y and X plates 

respectively of both guns. The gain on one of the X-amplifiers 

was mode greater than that on the other, and with suitable 

adjustments of the various gain values two load-deflection 

traces were obtained, one trace showing the initial port of 

the diagram to an enlarged scale. The camera used :as capable 

of continuous feed, drum, or single-shot operation, but for 

all the tests only the single-shot facility was required. 

The shutter was opened manually just before the striker made 

contact and was closed when the load dropped to zero. An 

illuminated graticule assisted in correlating the diagrams 

with their appropriate calibrations. The load and deflection 



78. 

signals from the pre-amplifiers were also fed into pen-

amplifiers, which had coarse and fine gain controls thus 

allowing a continuously variable gain, and which gave a 

sufficiently large output voltage to drive pen-recorders. 

The twin channel pen-recorder was capable of a frequency 

response of 100 c/s and paper speeds of 1, 5, 25 and 

100 mm./sec. were obtainable by means of a selector switch, 

operating a mechanical gearbox. 

(b) Temperature Control and Measurement  

'Then temperatures .above room temperature were required 

the bath was usually filled with water. It was found 

necessary, however, to use oil at temperatures near 100°C. 

because steam from the bath tended to condense on the load 

cells. Two small electric irmdersion heaters were built in-

to the bath, but although they were capable of maintaining a 

given temperature, they took far too long to heat the large 

volume of liquid in the bath. It was therefore found 

convenient to heat the liquid to the required temperature 

before pouring it into the bath. To obtain temperatures 

below room temperature down tr,  about -75°C. the bath was 

filled with petroleum-ether and small pieces of solid 

carbon-dioxide were added to reduce the temperature as 

d,:sired. The addition of liquid nitrogen at this stage 

allowed temperatures of -1000C. to be attained, but at lower 

temperatures a small bath was found to be desirable. A simple 
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insulated bath ;.ls then fitted inside the empty main bath 

an this smaller bath was filled ifith high octane petrol 

which 11-Jd previcu-ly been cooled with solid carbon-dioxide. 

The add ition of iii did nitre ''en to this small bath enabled 

tempen:itures o;7 nearly -130 C. to be attained before the 

petrol froze. i'or the isolated tests at -19600. side pieces 

\vere fixed on to the anvil block and sealed with "hematite" 

to Corm a small tank. The continuous addition of li, juid 

nitrogen enabled this tmpere.ture to be meint ined 

7, test. 

TO measure the specimen temperature a copper-constantan 

thermocouple VL,W fixa to the )ecimen 	"Lellotpe" and 

the t:termocouple voltage meaurred with a themoccuple 

potentiometer. 	calibr.:,tior chart 'o as avilable for the 

thermocouple employed, but this '.tea c,accked -nd a sall 

.orrection 1.1 to be 	to trio cul.ve at tem2etures 

below -100°C. The only teer,tures easily checl':cd in the 

low terner.lture 	wer, tho:Je 	soli c.rben- 

and of li'uid nitroen,ti lormer agreed ax.:otly .iith the 

calibr..,tiGn curve w,lilst the latter 	 "'ro1;ir.0 

0.1 

 

is 0.1 	(i 60':,.) in ,,r1,'or. 1.he lowest temeiture foz. 

the 	tien carve wns 	:Lao ver, 	,s -13000. and 

at tni t,_Elper.ture the corroti,7n 	only about 1-2C. 

thus any error eas likely to be ,all. In coneral temper tures 

could be ue sured to n acuracy of 4- 



4.2. Testing Procedure  

The initial dimensions of all the specimens to be 

tested were carefully meastued using 	 bull—ended micrometer, 

the critical dimensions being the width of the sp cimen ot 

the root of the notch and at the point o-t' plieotirn of 

load. eactors such so th..-• notch depth had previcusly boon 

checked on each batch of specimens after machinin. The 

ali'-nment of the bending jig ies then checked by put -tin: a 

light coutin of grease on top of a spcimen, locatin it 

in the ji2; '.A•id carefully luJering the striker until it just 

made contact. The position of th line made in the grease 

Jas then checked with a travelling microscope unJ any re, J1.irod 

adjustment -/as made. This met:dou also Alio:led any uneven 

distribution of load to be detectd. 

The appropriate initial calibrati -,ns us spcifieft in 

.;ecti.on 4.1. were then performed,after which the fine by—p:cs 

valve w7,s, closed and the uceire.i r_lte of pumping set on ih 

alehine. The :pproprite pumping rates h.J.1 been dote=ined 

by preliminary inveetigutions using rough specimens. The 

particular loding r:teo chosen were of no special 

significance '711. we're merely c.overned by the 1-aximum and 

minimum pumping rates which vIcro available. 

The bath co ,d no-7 b.,  brUcht to th.. desired temperature 

and a specimen, with a thermocouple attached, placed in 

position on the anvil an. alloJed to soak at that temporature 
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for a fey; minutes uhenever possible. h 	ether specimens 

were placed in the bath ot the soe time in order to 

time in bringing them to their testing temperture %hen the 

time come. The coarse by--x.so control 4.Es oper-Ited to brine; 

the striker to 	3 few inches of the specimen an :,hen 

condition- were steady the valve 	s clos:e to :AHrt the test. 

Then the electronic rscordin gcor 	used, 1th,• pen rocordur 

was started .1nd the oscilloscope c3mcro shutter opened 

manually just before the strior m lc contact. The 

determination of the right mc:':.ent fcr this omeri.tion . I CA 

fi.-,cilitoted by the crop .. —h ad :dovement 	 possessed by 

the tentinL mechine. 'the pen ,corder 	stop cd ::11(1 the 

shutter closed us soon 	the 	dro 	to zero. 

nccimen _is then removed fro., 	both and carefully 

examined ond me ,  urea. 

diorlms of lood—deflectien — 3nd, -henever 

electronic recordin,,, ;-re obt...ihed 

over 	-_,2 -117;e C tmporture for the thr , 	 oizes 

of s-peci en 

t m f 

opecimenn 

bend tests' 

to + ,S6cC.  

of both :,!,teels. 	tditionul heats vierc pe rl.ormed 

't 	coil able 10 .ihg 	• 	st 	size 

eoth steels. 	 • be 0:_Illed"ost notch— 

. The total Iemper:.ture ronce employed ;as —1 96°C. 

The records obtoine from the oscilloscope t2ece 

were eli evil Irred by o factor of e,ctly five in o I:ilger 

,,:oosurin6 Projector an 	1 tr cing Fnl,ie of the anTh 	.naont. 
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Eeasurements :iure made on thee trn 'in3 aa el) the 

autozraphic records to obtain the 10:J:es ane deflections 

at varieus stages of the test. ::easurement of re.s with a 

plani;.:eter allowed the corre5ponding indicated enor6.ies 

fA)sorbed to be ealculatd. 

4.3. Results on. Liscussion 

The raeasured rates of loaing, tcwether with the 

suc2;gested rates of e1atic stressing at the notch root in 

the different netch-liond tests, arc -iven in 	enciX - t  

The en3r1LL.lrLL1y 	terained 7H1u:-7 of loms, 

ene:::-ies a :-. us to. in 	c)'endix. 'A' 	ur :ith the 

v:::lues of 	 171toral ..x-Ension etc. 

fThles 3 •:17:d 4 oont:,in t 	 ,n(HrC, size 

sloe' note:I.-bend epecimens 	 121 	17f 	spectively, 

whilstbins 5 en J 	centir tL. cerrosr.?oncin:T 	notch- 

bena rs.uits. ?he reE,:ults c1i. 

spuci:m3m 	-:iven in ?,:Aile;• fl 	10, end 7 -1: 12 

rec'fvc1y. 

fh v.ri:tion of tha t - 

oyer to tri:s-:Lt:L:n  

autoc:raplqie 	d obt.iined 

nrd sine 	notch-land 

tests is 'ahown ir 	;. • 	 on, 	hs horiz,ont1 

t=oc Mich 	C Y1 
	 r.nord-  et the lower 

tem7INer-turcs, is 	cucriind time-merer. The teting 

	

:ry-,-1,tu-r-e (in °(.) i 	shcwn - 	s ch -7-rnductinn of the  

I the cmr : -condinF 	=ved 	cryct -1:I.inity of the 



fn:.ctur surface is noted beneath it. The diaE:rams obtained onhalf 

size specimens of steel 'I" are shown in FiL- . 25 (defletion 

increasing from right to left) superimposed upon the 

corresponding transition curve. 	tre.cos 	be seen in 

ea ch di :gram' these 	both o lc a-deflection but ene 	to 

	

ecole. The scab u ed for 1s 	trlcs is 

the 	in :11 the; di:ramsbut the sc'tlo used for the 

mnified 	 f .c or of LC' 5  in the 

ms at 	-102.3°C .and -1q6 °C. 	 -rms, 

tEain superimposed ca the transition curve, 	shc,:;r1 in 

Fi. . 26 for (ouble size specimens of steel '74 	111c scale 

of both tr.i.ces is en..irred t,;factor of nbout 5 in the 

dieiams at -96°C. and -1;73°C. 

	

It will be noticed that, in the 	peratri-2 	-'ere 

fretures occur after the !laximum 7oz-d, the value of this 

maximum load increased .:its. ..ecref:,eing temperture, the 

incre'Ase in mximur% load be in abeat 15 to 	for 100° . 

drop in temperHture. ibis - 	however, in general less than 

the corresoneting incroo:le in the yield load 'which v.ts of the 

order of 5C (see Lection 

The usual 	crystal,inity en energy transition curves 

are shown in 	41 - 48 an the`? 	be discussed 

tor:rather with the results of ta2.. (- they' tests, with rec-:tra to 

the size !and strin rts. effects, ir. ection 8. 

It may be seen from the 7Hble that the 	lateral 
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contraction is only b en :ieosuroJ for the slow notch-bend 

testo on steel 'P'. The contraction measurements were mae 

with a T)ointed micrometer and the 	sree of accuracy 

obtainable .was not high, cs-ecially when the two broken 

halves had to be fittcyi to:-other to 4cb'ain a ri7.1din. It 

he been shown by 	rtbo.wer. (3), 	9 that the 

lateral contraction (which  not el 	in the vicinity 

of th.' notch root) is directly pro:ortional to th lateral 

this on iany sneciLiens invo1vin,7 a 

viriety of metalluric7,1 variables. The results ebtaine on 

steel 'P' exhibit considerable scatter but do show the some 

trend (see Pig. 27). In viow of thi:; anj of the prtierll 

'.2ifficulties involved in an 	curate mou=mant of 

contr etion, it vris dcci ed to me:lcur only the ..);:pancion 

in 	oth,r tests. 
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SECTIGN 5 - II•LiTRIJI,112,17TED IMPACT NOTCH—BI-:ND T:STS  

5.1. Apparatus  

The machine available for instrumentation Jas an old 

French machine with anvils end striker nose radius 

corresponding to B.2.131: 1933. The friction losses in this 

machine were found to be rather high, but the me chine had the 

advanta3-e of possessing a variable pendulum release position 

so that the velocity and kinetic energy at impact coetld be 

varied. The pendulum release catch was mounted on a sector of 

a toothed wheel driven by a worm, and this also allowed the 

pendulum to be wound down slowly by hand during alignment and 

calibration. 

The actual striker was a hardened steel insert 5 in. 

overall diameter, which was a force fit in the mild steel 

body of the pendulum (see Plate 3) and to remove this insert 

or to adjust its alignment it was necessary to enlarge 

slightly the opening in the pendulum body by forcing apart 

the two "jaws" of the pendulum. This was done by machining 

a small flat on each of the pendulum jaws and inserting a 

small jack. Once the insert had been correctly set, the jack 

ass removed and the insert appeared completely rigidly fixed, 

but as an added precaution two clamping bolts were provided. 

Load Lieasurement 

To measure the loads in the striker, four platinum—iridium 

resistance strain gauges, having a gauge factor of 6, were 
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fixed to the striker. The two active gauges were fixed 

longitudinally on the tapered portion and the two dummy gauges 

transversely on the full ,;:idth portion, as shown in Fig. 19. 

All the gauges were covered with a protective coating of 

Araldite. To calibrate the system the pendulum was removed 

from the impact machine and a static calibration was performed 

in the Denison testing machine. Calibration resistors were 

available in the bridge unit, as before, to allow spot 

calibrations to be made in situ. In applying the calibration 

load a standard Chirpy specimen was placed between the 

compression block of the Denison testing machine and the 

striker nose, so as to reproduce as closely as possible the load 

distribution encountered in the actual test. In fact the 

active gauges were so positioned that, according to Cotterell 

(69), the load distribution should have had little effect. A 

few tests with uneven load distributions verified this. It 

will be shown later that the dmmy gauges were scarcely affected 

by the applied load and served only for temperature compensation. 

Because the gauges were of finite length 	in.) it was not 

easy to detect individual stress waves, although an attempt 

will be made to explain some of the recorded oscillations on 

this basis. The arrangement, however, proved quite satisfactory 

for the main purpose of the test namely, the determination of 

the load—time and load—deflection diagrams. 
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Deflection Measurement 

To measure the deflection, two carbon strip potentiometer 

devices were used and one of these can be seen on the pendulum 

in Plate 3. These were similar to the one used ,for the slow 

bend deflection measurements, a 4 volt accumulator being used 

to apply a potential difference across a 2 in. length of the 

strips. Steel pillars were bolted on each of the hardened 

steel anvils, as shown in Plate 4, and the spring—loaded 

contacts were carried by adjustable ebonite blocks mounted 

on top of the pillars. The s.. contacts were initially 
positioned by stops on the pull—rods, but as the pendulum 

swung down anci hit the contacts the spring force on them was 

transferred to the pendulum. Further pendulum movement 

rubbed the strips along the contacts. Strips of "Sellotape" 

covered that part of the contact path on the pendulum which 

did not include the carbon strips. This was not for insulation 

purposes, but merely to prevent wear on the platinum tips of 

the contacts. The potential difference between the front 

point of voltage application and the contact gave the 

deflection signal. It was convenient to employ an adjustable 

backing—off voltage as shown in Fig. 20. This applied a 

negative voltage to the amplifier before the active part of the 

strip reached the sliding contact and allowed the amplifier 

input to be made approximately zero at the point of impact, 

thus making the best use of the drift—corrected amplifier 
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without saturating it. 

By slowly winding the pendulum down a direct deflection 

calibration was made against a 2, in. travel dial gauge 

reading to 0.0001 in. To avoid having to touch the Y-shift 

control of the oscilloscope after the load calibration had 

been made, it was necessary to provide en extra variable 

input voltage which could temporarily be plugged into the 

oscilloscope Y-input in plat.° of the output from the load 

amplifier. This allowed the spot to be traversed vertically 

across the screen at each step of the deflection calibration. 

It was arranged that, after pushing the specimen through 

the anvils, the pendulum snapped a pencil lead fixed in its 

path, thus breaking a relay circuit and energising two 

solenoids. These solenoids were arranged to pull back the 

contacts so that they were not struck by the pendulum on its 

return swing (see Plate 4). 

Time-Base 

The oscilloscope time-base was of a type in which the spot 

movement was triggered by breaking; a pair of contacts. Another 

pencil lead was wired in the time-base trigger circuit and 

arranged on the impact machine so that it was broken by the 

pendulum just before impact. By suitable adjustment of the 

lead position and of the oscilloscope X-shift control, it was 

possible to arrange for the spot just to have arrived on the 

screen at the moment of impact. To calibrate the time-base a 



sine wave signal from an oscillator, which was accurate to 

within -± 2'/), was fed into the Y-plates and the time-base 

triggered by hand. A signal of 2,000 c/s was normally found 

to be convenient. 

The amplifying and recording gear is shown schematically 

in Fig. 20. All records were taken using the same Kodak R.P.30 

recording paper that was used for the slow bend tests, but it 

is suggested that some faster film such as 	60 would probably 

be more suitable. 

Calibration Routine 

Although the basic calibraticns recluir d were in themselves 

perfectly straightforward it vias very easy to forget to alter a 

Particular instrument setting or wiring connection when changing 

from one calibration to another. ';ith this in mind a calibration 

routine was devised and it was found possible to use only those 

controls with certain pre-set positions (such as the gain 

controls on the drift-corrected amplifiers). Thus this routine 

could conveniently be employed :at any stuff ;. of the tosting 

programme without the risk of altering any of tho calibration 
F 

values. The calibration routine is described in Appendix '%',t 

Part (1). 

Temnerature Control 

A special locating tool vms made to transfer the specimen 

from tha cooling bath to tha machine and this ensured that the 

specimen was positioned both t!ufckly and accurately. Both the 
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specimen and the locating tool were immersed in the bath, and 

the temperature change in the specimen in the short time 

interval between leaving the bath and the moment of impact was 

thus minimised. Tests were carried out with a thermocouple 

attached to the specimen end the temperature change in a given 

time was recorded; by this means the actual temperature at 

impact could be determined. This tempereture correction was 

not large, there being about a 2°C. rise in temperature before 

impact when a specimen was transferred to the testing machine 

from a bath at —75°C. 

5.2. Testing Procedure  

The initial dimensions of all the specimens to be tested 

were measured in the usual manner, and the alignment of the 

testing machine was checked to ensure that a specimen which 

was accurately located on the anvils would be struck exactly 

opposite the notch. The calibration routine was then performed. 

The specimen could then be placed on the locating tool 

and both immersed in the heating or cooling bath. Before the 

pendulum was raised to its release position, the power to the 

solenoids was switched on and it was checked that the contacts 

were pulled back, because it was possible to damege the contacts 

if the pendulum was moved in the reverse direction while they 

wore in place. Once the pendulum was raised to its maximum 

position and held by the release catch the pencil leads could 
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be inserted, cutting the power to the solenoids and moving the 

time scale spot off the screen. '.:hen the required temperature 

had been reached the brightness of the two spots was increased 

to the maximum value with the camera shutter still closed, 

and using the locating tool the specimen was rapidly 

transferred from the bath into the machine and the pendulum 

immediately released. Ae the pendulum descended the camera 

shutter was opened manually and then closed again directly 

after impact. The machine reeding was recorded before the 

pendulum was stopped With the brake. The specimen was then 

retrieved, dried, examined and measured. 

A series of specimens of both steels were tested in this 

way over a range of temperatures to cover the transition range 

of the steels. Simultaneous diagrams of load—time and of 

load—deflection were obtained and the integrated area of the 

load—defleetion diagrams were used to give a measure of energy 

absorbed in the teats. 

5.3. Results and Discussion of Results  

It has not been possible to present direct reproductions 

of the actual diagrams obtained because these were rather 

weakly defined, but reproductions (to a reduced scale) of some 

of the tracings made on the Hilger leasuring Projector are 

shown in Pio-,s. 28 and 29. although load—time diagrams were 

obtained in every case they were not usually employed to 

determine the indicated energy absorbed and were therefore not 



always traced. For this reason they are missing on some of t1 

reproductions. No scale is given because the scale employed 

was not the same for all tests and calculations were made on 

individual batches. The energies obtained from these diagrams 

together with other relevant data, such as the indicated 

machine energy, % crystallinity, etc., ere given in Appendix 'A' 

rZables 7 and 8. The general crystallinity and energy transition 

curves are shown in Figs. 45 to 48 and these will be discussed 

in relation to the other tests in Section 8. 	t, 

Increesing interest has recently been paid to the 

interpretation of Gharpy impact test results and in the past 

few years a few results (69 to 74) have been published of 

loading records taken to supplement the normal energy or 

crystallinity measurements. These results have, however, all 

been essentially loaa-time diagrams obtained by measuring the 

load on either the striker (69, 70, 72 and 73) or the anvils 

(71 and 74). To obtain energy values from these records it 

was necessary to convert the load-time record into one of load-

deflection. It has been usual (69) to make the assumption of a 

pendulum velocity decreasing uniformly from the known impact 

to the observed exit value. The simultaneous records of load-

time and load-deflection presented by the author allow a check 

to be made on the assumptions made with regard to the variation 

of pendulum velocity. 
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(1) A Comparison of Load—Time and Load—Deflection LiaaEams 

The diagrams obtained on a ductile specimen of steel 

'V' were chosen for this investigation (testing temperature 0°C.). 

The load—time diagram was divided into ten equal time zones, 

the velocity being assumed constant in any one zone. From 

a knowledge of the initial and final angles of the pendulum 

and of the friction and windage losses involved, it was 

possible to calculate the impact and exit velocities. The 

velocity at the mid—point of each time zone was then calculated 

on the assumption of a linearly decreasing velocity and hence 

for a given zone the time scale could be converted into one of 

deflection. The'initial portions of the two diagrams were not 

well defined but were seen to be of the same form; a point of 

coinciuence was therefore taken just after the "upper yield 

drop" and the load—time diagram was replotted on a deflection 

basis from this origin (see Fig. 30). The error produced by 

assuming an arbitrary origin at this point is not great 

because the initial portion of the diagram accounts for less 

than 10% of the total energy indicated by the diagram, and 

thus any error in the value of this portion will not greatly 

affect the total indicated energy absorbed. 

It is seen that the area of the load—time diagram, 

replotted on this basis, is larger than that of the load—deflec— 

tion diagram. A check was made and, by taking pairs of 

corresponding points on the two diagrams, the average striker 

velocity over the region of the replot was calculated and 



found to be of the same order as the exit velocity (4.50m./sec.). 

It was decided to assume some form of shock loss of energy at 

impact and to replot the load-time diagram on a deflection 

base, this time assuming a constant velocity at the exit value. 

This curve is shown dashed in Fig. 30. A similar replot was 

performed on the diagram for a more brittle specimen and is 

shown in Piff. 31. Both results show that the assumption of an 

instantaneous loss of velocity followed by a constant velocity 

push through gives a degree of coincidence with the load-

deflection record that is superior to the assumption of 

linearly jecrensing velocity. Ae a direct check on this 

assumption it:could have been very desirable to have obtained 

a deflection - time diagram from the inatnusented manine, but 

this only became fully apparent at a later stye when the 

results were beinj analysed and it was not practicable to re-

assemble the equipment at this stage. 

The only displacement - time diagrams for the impact notch-

bend test of which the author is aware, are those obtained by 

Tanaka and Umekawa (70), who present diagrams of this type 

corresponding to energy absorptions of 0, 9.5 and 20 kg.m. 

on a 30 kg.m. machine. No deflection scale is given with 

these diagrams and their interpretation is far from clear. 

If, however, enlargements of the curves corresponding to 0 and 

9.5 kg.m. energy absorptions are superimposed as in Pig. 32, 

then it might be suggested that an abrupt change of velocity is 

revealed. 
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(2) A Comparison of En2seies from the Machine Readina_and 
rrom the two niavams. 

Fig. 34 shows that the area under the load—deflection 

curve represented about 67% of the energy absorbed as 

indicated by the testing machine (after subtraction of 

friction and Windage losses). This was true at all values 

of crystallinity and the same percentage was obtained on both 

steels. This factor is in fair agreement with Cotterell (69) 

who used the assumption of linearly decreasing velocity to 

obtain energy values from his load—time curves. Augland (74), 

however, used a machine of large capacity and, assuming a 

constant velocity, obtained good agreement bet;een the energy 

obtained from the load—time curves and the machine energy. 

Good agreement was also obtained by Fearnehough (73) who used a 

correction suggested by ,outland to convert load—time curves 

obtained on a standard capacity machine.. This correction 

was as follows:— 

W, 
W
A = Wt (1 — 

0 

	  (5.1) 

  

where WA  was the corrected energy, Wt  the energy derived from 

the load—time curve assuming a constant velocity (Presumably 

the mean velocity), and Wo was the initial energy of the 

striker. It would appear to the author that the above 

correction does involve some approximations, which could 

introduce errors when large values of energy absorption are 

obtained on a stundsrd capacity machine. 
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It will be shown later in this section that certain 

dynamic effects can introduce errors in measurements obtained 

with ordinary resistance strain gauges. Such errors cannot, 

however, account for the differences between the results 

obtained by the various investigators, since most of the other 

investigators have also used these gauges either directly for 

load measurement, or indirectly for the dynamic calibration 

of the load cell. 

In view of the different reletionships presented between 

the values of energy absorbed, as obtained by the various 

methods, it was decided to investigate more closely this 

aspect of the test. Table 20 shows the various values of 

energy absorption obtained on the specimen of steel 'V', the 

diagrams for which are ehown in 	30. (2cr Table see 

following page.) 

It would appear from Table 20 end from Pig. 30 that, 

after the initial period of vibration, it is e fair 

approximation to assume that the velocity remains constant 

at about the exit value. This can, of course, only be an 

approximation because it is not possible for the pendulum 

to do work without losing kinetic energy and hence velocity. 

It would, however, indicate that a shock loss of energy 

takes place at impact and the results will be examined on 

this basis. 



TABI., 20  

ENERGY 2, 1-, •r6 	-• 

Energy absorbed as indicated by the testing 
machine after subtraction of friction and 
windage losses. 

m  w 	= 9.79 

flergy absorbed obtained 17ror load-election 
diagram. 

Wd  = 6.55 

Energies absorbed ob.ained from lo ad-time 

Wt = 7.21 

WA  = - 6.76) 
W
e = 6.50 

Wf  = 7.25 

w 	= 6.54 
g 

di ii-!;ram 

(a) Usinc_the me poured area of the di cram  

	

and1,staiEinci: 	
_ 

(i) 7elocity constant at the mean 

	

velocity 	(5.0 m./sec.). 

(Using Augland's correction 

(ii) Velocity constant at the exit 
velocity (4.50 :./sec.) 

(b) 2c0.ottin&- thy. 1o:id-time diacram to a 
Easc6?-71eTITC-Tion on Trie assum2tion of: 

(i) Velocity decreasing uniformly .aith 
time (diagram divided into 10 time 
zones) 

(ii) Velocity constant at the exit 
velocity. 

97. 
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Let us assume that the velocity — time curve is of the 

form shown in Fig. 33, i.e. impact at '1' followed by a shock 

loss to 	and then a linear decrease in velocity to the 

exit point '2'. Let Wil  Ws , W2  be the energies possessed by 

the pendulum at the points '1', 'a' and '2' respectively. 

Dashed velocities will be used to refer to the centre of 

gravity of the pendulum whilst undashed velocities will refer 

to the striker edge, which is opposite the centre of 

percussion. The two sets of velocities are related by the 

geometry of the pendulum so that V = hV . (For the machine 

in question h = 1.085.) 

The machine energy, m 	i1 — W2 

It will be assumed that the various losses which occur 

in the machine from many causes can be represented by two 

factors, firstly the shock loss Ws  = (W1  — Wa ) and secondly 

losses during the progress of the test from 'a' to '2', 
* represented by K*. Thus if 4 — is the true work done on the 

specimen in this region then W 	(Wa — W2 ) — X 

Consider the linear portion of the curve from 'a' to '2'. 

= Pdx = P dx dt = PVdt 

dWt  = VmPdt (assuming a 
Vm Therefore Tt -- at any stage 	  

It is not known how the secondary loss K varies from 

0 to X in the period from 'a' to '2', because the exact causes 

of such a loss are not known. As an approximation it would 

constant mean velocity, Vm) 

(5.2) 
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seem reasonable to assume a linear variation with velocity so 

that at any point in this region where the striker velocity 

is V then 
V -V 

K  - ( VP  - - ) K*  2 

 

(5.3) 

 

(The alternative assumption, 	K varying with (velocity)2 has 

been found to have a very small effect on the follo -ing 

calculations.) 

Thus the true work aon,.: on the F,Decimen from 'c' to this 

point is 
2

)  h 	 (Va - V2 
 

2 V 
Now 	.v a  = im (Va ) 2 = 	a  	  (5;5) 

where m  is the imoss of the pendulum 

Dividing equation (5.4) by equation (5.5) gives:- 

1 
.r2 	(Va - 7r) 

 

2h2 
u2 	(Va  - 72  ) a  mVa 

	

2V 	2h2K* 	
dV 

a  Va  

	

( ' 	
- ) 

mr- 	V,) a (Va  -  

or 	= W (_ a 	SK*) dV 	  (5.6) 

a 

Therefore GIVI = 

2h2  where .5 
mVa (Va - V2 ) 

Hence from equation (5.2) 

dVIt = Wam 	2V 4. 

V2  a 
SK

*
) 



0.73 = (Va  — 4.50) 
[ 

Y*  m — 0.0524 	log. Va 	4.50  

with m = 22.45 kg., h = 1.085 and V2  = 4.50 m./sec. gives:— 
V 1 

4.50 

100. 

Therefore (W.,) 	= W V 
a 	I C 

V2  

)1(  a 
if 
 a 

SK 
+ 7- dV 

—2(V —V ) 2 a 	'2 V 	SK* a 	TI 	 Ira Va
2 

= . V a m 
2(7a V2 ) 

a 

3K log. 

   

   

Ilbstituting for 	froN equJtion (5.5) a/Au for 	gives: 

         

(I.:* 
''t )c —42 

mV = a 
—7—  
h' 

Vo ) 
fl * 
1 

MV,—V2) 

ST 

 

	 (5.7) 

    

         

Now Vm is a quite arbitrary diKlgrom conversion factor and is 

not r31..ted to th mean velocity in the region 'a' to '2'. 

On the assumption that VM = 5.0 m./sac. we have a value of 

7.21 kg.m. for Wt  (see Table 20). This does, however, include 

the indicated energy absorbed during the period of svere 

vibrations. The numerical value of this energy woo small and 

may be taken as appro];-imtely 7.1 kg.m. for the region• a t 

to '2'. Substituting these values in equ,tion (5.7) together 

* where K is in kg.m.2/sec.2. 

It is not possible . /ith the available data to obtain an 

explicit solution to the above equation, but it is possible to 
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define the limits within which ','s and K e)n 7.)ry. 

first possibility is that the losses 'Ire entirely from 

shock cuses ,And th77;t K is zero. In thia cqsa Va 	5.23 rn./sec. 

and Wa = 2().60 	This Tilkes the shock loss, W= 29.45-26.60 

= 2.85 	:nd makes the true . cork done on the specimen, 

W = 6.94 kg.m. which is starting to compare with the value of 

6.55 kg.m. obtained from the load—deflection di grew. In 

other 'r;ords, if this were true, there is a shock loss of 

2.85 kg.m. at impact which would be dissipated in vibration 

of the pendulum etc. followed by a straightforward test with 

the velocity decreasing linearly from 5.23 to 4.50 n./sec. (i.e. 

a mean velocity of 4.36 m./sec.), with no other losses 

occurring. 

Th other extreme is the assumption that Ws  is zero 7nd 

that all the losses are contained in the K*  term. This means 

that Va  = V1  and W_ H. — W2) — K*  = 9.79 — K . 2ubstituting 

these values in equation (5.7) and remembering that 7:t  must 

now be taken as 7.21 to include the initial region gives 

= 24.8 ku.m.2/sec.2 = 2.52 kg. (force) metres 

Therefore W 	9.79 — 2.52 = 7.27 kg.m. 

(c.f. the value of Wf  = 7.25 kg.m. obtained by replotting the 

load—time diagram to a deflection base on the assumption 

of 	linearly varying velocity.) 

If the comporion of theload—time and load—deflection 

diagrams in section 5.3. (1) is correct, then the former 



102. 

assumption would seem more nearly correct and it would seem 

likely that K is small. Similarly, any attempt to explain 

the difference between the machine energy and the indicated 

energies from the diagrams from the basis of dynamic errors 

in the strain gauges giving e load signal which Yes too small, 

encounters the same difficulty. If the load signal were too 

low then the indicated energies from the diagrams were too 

low, and hence W should be smaller end Va larger. This 

would mean that a higher mean velocity would be reouired as a 

basis for the replot and this is not in agreement niith the 

velocity required for correlation of the two diagrams. 

It is suggested that the best basis fcr the transformation 

of diagrams of load—tine into those of load—deflection is the 

assumption of a constant velocity at the exit value. This is, 

however, presented as a working approximation and not es a 

true representation of the physical behaviour. It is also 

possible that the magnitude and distribution of losses may 

well be different in another type of machine. 

(2) records Obtained Jith Go ec; on Only one Side of the 
striker 

A few tests were made using only the gauges on one side 

of the striker. A typical record of this type is shown in 

dig.35 and it is seen that the resultant diagram is very 

different from the usual ciagram produced by all four gauges; 

in fact the recorded stress in the striker goes .cell into the 
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tensile region at some stages. This effect has also been 

noticed by Fearnehough (73), who has obtained simultaneous 

records of the load—time relationship in each of two gauges, 

one on either side of the striker. The cancellation of this 

effect when the two gauges are placed in opposite arms of a 

bridge or wired in series, suggests that there is a strong 

bending stress superimposed on the direct stress system. 

Cotterell, however, used only one gauge yet did not obtain 

this effect. This surprising difference may of course, be 

attributed to the type of machine employed and, although 

th pendulum—head of the author's machine was of a type which 

resembled the Losenhausen machine of Cotterell far more than 

it did the Avery of Fearnehough, it was found that a rather 

high degree of torsional vib±ation was possible in the shaft. 

In this respect it was similar to the Avery machine which is 

somewhat notorious for its lack of rigidity. The final portion 

of these diagrams appears to be a series of oscillations of 

decreasing frequency (2.4 to 1.7 kc./sec.) superimposed on 

a decay curve. It is suggested that some form of torsional 

vibration was set up in the pendulum shaft causing bending 

loads to be applied to the striker nose. 

(3) Comments on the .;tress 7aves and Oscilletions set up in the r  
J2ecimen sna In the 7ecorn7ng 7zcTem 

The stress waves and other oscillations obtained in the 

records may now be examined, but at this stage it should be 
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noted that the records obtained were designed to give an 

overall picture of the loads during the test and not 

specifically to examine the stress wave system at impact. 

Thus the times involved in the initial period of fluctuations 

could not be measured with great :accuracy. The records were 

enlarged on a Hilger Leasuring Projector and were traced if 

required. Time measurements were made to an apprent 

accuracy of 10-5 sec. The oscilloscope time base, however, 

wos only accurate to within ± 10i and the calibration trace 

to within ± 2. Also the X and Y Plates of the oscilloscope 

were assumed to be mutually perpendicular and any lack of 

alignment could cause a suite considerable error in the small 

time values measured for the initial stages. Thus it is 

doubtful whether the time values could be measured to an 

accuracy greater than about 1.3 x 10-5 sec. 

To simplify the analysis the record obtAned using gauges 

on only one side of the striker (Fig. 35) will be employed. 

Although dummy gauges were included in the circuit for temper-

ature compensation, they were fixed. transversely at the full 

t. iickness section (see Fig. 19). Thus the magnitude of the 

strain produced in the dummy gauges, whether by a stady stress 

or transient stress wave, ass very much less than that at the 

active gauge. Also, uniesi-, there were any extra transverse 

stresses produced during the test, only the cross-sensitivity of. 
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the dummy gauges need be considered. It therefore seems safe 

to conclude that the dummy gauges had little effect on the 

bridge output, except to compensate for any temperature 

changes. Thus we may consider Fig. 35 to be the record of 

the stress history at a single active gauge. 

(a) Initial Gtress 'eve effects 

First consider a compressive stress wave which is 

produced in the striker by the initial impact; this wave 

travels along the striker until it reaches the interface A-A 

between the hardened insert and the main body of the pendulum. 

The insert is a tight fit in the-  body but it is possible that 

some kind of air gap could exist. It will be assumed that 

partial reflection of the wr_ive occurs. Thus a compressive 

wave of reduced magnitude continues towards the free face B-B 

( '`ave 1) and a tensile wave rave 2) of an unknown magnitude 

in reflected towards the nose. The calculated time taken 

between the initial compressive wave passing the active gauge 

and the reflected tensile wave returning to the gauge again is 

approximately 2 x 10-5  sec. This agrees with the measured time 

of 2.3 x 10 5 sec. between 'a' and 'b' on the load-time record 

(Fig. 35). The reflected tensile wave, 2, reaches the nose 

of the striker and, cepending on the contact with the specimen 

is partially or completely reflected as a compression wave. 

There is sufficient time for this wave to travel to A-A, return 

to the nose, and once again travel to A-A before the initial 
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part of the compressive wave has returned to A—A after 

reflection as a tensile wave from B—B. In this time interval 

liave 2 will have superimposed fluctuating stress waves of 

decreasing magnitude and increasing complexity upon the 

compressive stress wave. No such fluctuations are in feet 

observed. 

If the interface were in fact perfectly continuous then 

the initial compressive wave would continue unaltered to B—B 

--there it would be reflected as a tensile wave of the same 

magnitude, thus the stress at the gauge should drop to zero 

about 7.6 x 10-5 secs. after peak 'a'. This is not indicated 

by the diagram. 

Another effect which must be noted is that due to the 

shape of the striker nose. If a compressive wave is propagated 

along the axis of a conical specimen then, because of the 

change in section, it is followed by a :eave of tension (75). 

In a similar fashion a compressive wave approaching the 

striker nose may be expected to develop a "tension tail". This 

phenomenon adds considerably to the difficulty of interpreting 

the recorded waves.. 

It would seem pertinent to mention et this stage three 

points which have been raised by Bloss (76) with regard to the 

use of resistance strain gauges under dynamic conditions. 

(1) The gauge is of a finite length and should the wave length 

of the stress wave be shorter than this, then e falsely low 
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reading will be obtained. (2) Installation techniques, 

especially the cement thickness, may affect the gauge response 

appreciably. (3) Some types of gauge generate an e.m.f. 

which is proportional to strain rate and this voltage may 

introduce a significant error under impact loading conditions. 

Some investigators have measured the loads in the 

specimen supports and not in the striker. In one case (71) 

initial fluctuations are present, but the load drop is not 

so severe, whilst in the other (74) auite severe fluctuations 

are recorded, but there does not seem to be any decrease 

before maximum load although the record suggests that the 

spot may have hesitated during the initial increase. These 

differences between recording methods only serve to reinforce 

the fact that the recorded waves are those in the load cell 

in question and not those in the specimen. 

(b) Oscillations at Later States in the Dia ram 

With regard to the oscillations immediately following the 

maximum load, Cotterell considers that they are entirely 

mechanical and that they are gradually damped out if 

appreciable yielding takes place. The author's records 

confirm this and it is interesting to note that the 

oscillations are more pronounced on the standard diagrams 

than on those with gauges on only side, The measured 

frequency of these oscillations is 15 kc./see. which is 
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exactly the value which Robertson (77) quotes as the natural 

frequency of an unbroken specimen, and also agrees with 

Cotterell's experimentally determined value. 

Some records were made to a reduced time scale and the 

vibrations remaining after the load had dropped to zero were 

clearly seen (Fig. 36). These corresponded to about 

1.25 kc./sac. and are probably connected with the natural 

frequency of some part of the striker, because they are 

present both after fractures which ore ductile ant also those 

which are largely .brittle in nature. 

(c) Transient Stresses ';i_thin the Specimen 

It should be noted at this point that the uaximum force 

between striker and specimen occurs at the moment of first 

contact or soon after (78). This does not, however, mean that 

the bending moment or stress is necessarily a m[,iximum at this 

moment. 

In the neighbourhood of the impact point the transient 

stress distribution is three dimensional; the waves are not 

only prope:ated along the beam but are also reflected from all 

surfaces. The presence of the notch further complicates the 

wave distribution. L.t greater distances from the impact point 

the stress will be more uniformly distributed._across the width 

and the normal variation of bending stress in the depth 

direction will be exhibited. This pattern will extend to the 

contact region if the load is removed. Experiments have been 
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performed by dropping steel balls on to beams and measuring 

the contact force and outer fibre strain at various points 

with respect to time (79). The maximum central bending 

strain has been shown to increase linearly with velocity of 

loading. This agrees with the observation of Cotterell 

tha 	 \I

that the initial pulse due to the first impact is proportional 

to the impact velocity. An important fact whic.: has often 

been neglected is that there are also shear waves presnt in 

G  specimen which travel at —.x velocity of direct stress E 

71veE. Thus, as is shown in Fi. 37, the specimen is 

effectively shorter than its true length until the shear wave 

has travelled to the supports. This means that although the 

central force may roach its aaximum value the bending moment 

may not do so because of thry reduced effective moment arm. 

These shear waves will be reflected in their turn, but it is 

a matter of conjecture how groat a reflection will occur at 

the supports and how much at the free end of tho specimen. 

It may be concluded then that the stress system in the 

specimen is extremely complex at the moment of impact and 

soon after, and that any attempt to estimate the stresses from 

a load cell on the striker or supports is likely to be very 

misleading. 

(4) The Variation of 	'3hape Over the Transition 1113  

'iith reference to Figs. 28 and 29 it may be soon that as 

the slow notch—bend tests the sudden drop in load, which is 
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taken to correspond with the passage of a brittle crack 

through the test piece, occurs at successively earlier stages 

in the test as the temperature decreases. At the lower 

temperatures fracture is seen to occur on what would appear 

to be the rising elastic line, although not before the 

indicated drop in load through stress wave effects (e.g. 

V247 at-73°C. in Fig.29)). 

If we compare P94 (+48°C. 70W,  crystalline) in Fig. 28 

./ith V244 (-16°C. 40 ;"-, crystalline) in Pig. 29, it can be 

seen how a given energy level (in this case approximately 

4.15 kr.m. indicated energy absorbed from the load-deflection 

diagrams) can be obtined from different types of record 

even for two classes of mild steel. 
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6.1. Apparatus  

The 10 ton Denison Testing Dachine was also used for 

these tests and the specimen assembly, including the spherically 

seated shackles, the load cell, end the temperature bath is 

shown in Fig. 21. The spherical seats from a pre—existing 

piece of apparatus were employed in an attempt to obtain 

axial loading, but as will be seen later from the results of 

the static yield stress tests, true axiality is very difficult 

to obtain. The temperature -Link was made in two sections, 

each capable of being drained independently. T11. centre 

section could thus be drained temporarily to remove a fractured 

specimen end insert a new one without the tank unit as a 

losing all its heat, thus saving some time in reaching the 

next required temperature. 2or the higher tempereture tests 

electric heting elements were clamped aroand the tank and the 

double tank arrangement had the added effect of giving a more 

even temperature dist2ibution in the centre eection. Low 

temperatures were obtained using petroleum—ether, solid 

carbon dioxide, and liquid nitrogen as for the slo notch—bend 

tests. Two thermocouples were attached to the specimen at 

either end of the parallel portion to detect any temperature 

gradient, and the test was only performed when uniform 

conditions hod been schieved. 

The mechanical recorder /us lifAri used for these tests 
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but as is seen in 	21, a load cell was included in series 

viith the shackles, and this was calibrated directly against 

the testing machine. The same amplifying and recording gear 

vies used to give records of true load against time and the 

rate of cross—head movement was adjusted to give the ref.juired 

rate of loading. ;e before, a time—marker was fixed to the 

mechanical recorder, thus allowing the response of the 

mechanical recorder to be checked. 	air erecioble error was 

found to occur up to the -mint of fracture, and since for 

both ductile and brittle fractures this occurred in an unstable 

fashion an instantaneous reduction of load to zero at this 

point could be assumed. 

6.2. Teeting .'roc lure  

The general teeting procedure fclicv;ed 	vary similar 

to thet in the slow notch—bend tests. ::lome prelielinary tests 

iere made to uetermine 	rate of pumping . 	ictild produce 

the same nominel re 	of elastic c;tr:.3sin6 !71 -t th: root of the 

notch as in the ;l o„ notch—bend teats. These toots of course 

rceuil'ed the recording of load—time diagrams to obtain a 

mea.3ure of the loading rate, but for the routine tests only 

the wechanical recorder .:/as recluired. 

6.3. Results -nd Discuseion of flesults  

The energies, loads and overall extensions obtained from 

the autographic load—extension records are listed in 
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Appendix 'A', Tables 13 and 14, together with the corresponding 

crystallinity values. The 	crystallinity and energy 

transition curves are shown in rigs. 49 and 50 respectively 

and them 	be discussed, together with the notch—bend 

results in :section 

Reproductions of •the autographic records obtained on 

steel 'P' are shown, to 	reduced scale, in Pig. P. It can 
be seen from these diagrams that a more obvious field  is 

indicated than in the notch—bend tests which also employed 

this recorder. This yield usually took place in 

designated "yield 1" and "yield 2". These do not correspond 

to the upper and 	yield stresses !is indicated on a 

normal unnotched tensile load—extension curve. "Yield 1" 

vwas the first point of obvious non—linearity (which was 

usually a quite distinct point), whilst "yield 2" corresponds 

to a short plateau, which was sometimes followed by a slight 

drop in load. 

The most outstanding feature of these records is the 

instability exhibited soon after maximum load, irrespective 

of whether the fracture Wa.:1 fibrous or crystalline. A similar 

instability !was observed in the records obtained on 'steel ''. 

It ias presumed that this visa  a machine stiffness phenomenon, 

and it 	verified that the instability point occurred at a 

stage when the slope of the diagrm, as the to _ad fell alay, 

approached that of the machine stiffness line. Th, frlcture 
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which took place at this point was very fast, and no 

appreciable difference was observable between the load—time 

records taken for fractures which were fibrous and' those which 

were crystalline in appearance. In other ways the diagrams 

were straightforward, the yield load increasing as the 

temperature was decreased. The maximum loud also increased 

with decreasing temperature until fracture took place in the 

region of increasing load. Thus a result of the instability 

is that the indicated energy absorbed to fracture may be 

greater in a specimen exhibiting a largely crystalline surface 

appearance than in one with an entirely fibrous surface 

(compare specimens P2 and P7). This does not, of course, 

mean that the true work done at the fracture surface was 

greeter. It merely means that the strain energy available 

in the system at the instability point was more than 

sufficient to do this work end any surplus was dissipated in 

other forms. The amount of the available strain energy used 

in fracturing the specimen relative to the amount dissipated 

would be greater in the case of a ductile specimen, out this 

could not be divined from the diagram. The effect of machine 

stiffness will be discussed more fully at a later stage, but 

this accidental instability serves to illustrate the caution 

with wiA.ch such indicated energy values must be employed. 
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SECTION 7 — YI7I,I) STRESS TESTS  

7.1. Apparatus  

Special axial loading shackles were fitted to a 10 ton 

Buckton single lever testing machine for these tests. This 

type of machine was chosen for two main reasons. Firstly, 

because it was sne of the few machines in which three 

cxtensometers set at 120°  around a tensile specimen would be 

visible without obstruction by tie—rods etc., and secondly-

because the inherent stability of the loading system allowed 

plenty of time for the extensometer readings to be taken. 

The shackles have been fully described elsehere (80), but 

consist basically of two mutually perpendicular knife—edges 

together with e ball thrust bearing. The complete assembly 

is shown in Plate 5. 

The type of specimen used is shown in Appendix 'C' 

.Tig. C.3. The enlarged upper portion was necessary for the 

low temperature tests to avoid yield occurring in the warmer 

section not immersed in the bath rather than at some point 

within the gauge length. It was necessary to use an adaptor 

to make the -threaded end of the specimen fit the bottom 

shackle, and it was found convenient to make this edaptor 

integral with the cooling tank. 

A special triple extensometer unit was constructed to 

measure the extensions on three mutually perpendicular 4 in. 

gauge lengths at any desired temperature within the range 
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, + 120oG. to —100°C. end this is fully described in Appendix 'G'. 

Temperature Control  

A similar system to that used in the notch—tensile tests 

was employed, except that the desirability of a double tank 

unit had not been discovered at this stage. Thermocouples 

were attached at each end of the gauge length and no test was 

performed until the two thermocouples gave the same reading. 

Initially the temperature difference between the two points 

was often as much as 100C., but once the desired temperature 

had been attained it was not difficult to maintain it without 

a temperature gradient along the specimen. 

7.2. Testing Procedure  

A series of preliminary tests was performed at room 

temper ,cure to checi: both the accuracy of the extensometers 

and also the .axiality provided by the shackles. It was expected 

that Cespite the special shackles there would still be a 

certain amount of bending induced in the specimen, and before 

any test was performed the load was cycled several times 

between about 10 and 80% of the expected yield load in en 

attempt to make the loading conditions as uniform as possible. 

The first results revealed different values of ex7ension under 

each extansometer, as would be expected if any bending were 

present. In addition, however, neither were the individual 

load—extension plots linear, nor did the points plotted for 
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load decreasing full on the same lino. The mean value of the 

three extensions, however, did give a good straight line plot 

against load, there being no detectable differ.,nce between 

the points plotted for load increasing or Llecreasin. The 

mean line also gave a consistent value of 30.5 x 106 p.o.i. 

for the modulus of elasticity for the specimen of steel 'V'. 

In view of these results it was suspected that the shackles 

night be responsible. In order to check this, the extensomcter 

unit was rotated through 120°  and the test repeated after prior 

cycling. The unit vies then rotated through 120°  once more, 

again cycled and a further  test made . The results of the 

three tests showed that it made little difference ‘Jhich 

extensometer was used to record th_ extension on a given 

plane; much the same load extension curves were obtained in 

each case. 

It was concluded that the degree of bending induced 

by the shackles varied as the load was increased, causing the 

individual load—extension curves from each extensometer to 

deviate from the expect d straight line. Various adjustments 

of the shackles were then tried and, although it was never 

possible to eli:qinate non—linearity in the initial portions of 

the curves, the three extensometers could be made to give 

straight line plots for the majority of thei ^ length. 

These tests were designed to determine the static lover 

yield stress over a range of temperatures, and also if possible 
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to give an estimate of 'an upper yield stress at these 

temperatures. Two methods have been suggested by which 

upper yield stress values can be obtained from tests of this 

type. The first was i:orrison's elethod (see 	ndix 'G' 

part (2)) to calculate the position of the plane of maximum 

strain. It was sugested that if one extensor eter were set 

on this plane, a linear load-extension line would be obtained 

up to the upper yield point, ehich would be indicated by a 

sudden large increase in extension. The ifiximum strain and 

the plane on which it occurred were duly calculated, and it 

was found that with experience the shackles cc:Jd be adjusted 

to limit the amount of bending strain to about + 	It was 

unfortunate, however, that Shen the shackles were adjusted for 

the maximum axiality the plane of maximum strain occurred on 

that side of the specimen facint7 the pillar of the testing 

machine, thus preventing any reeding from being taken. 

The second method, suggested by arnocl: end Brennan and 

outlined in Appendix 	port (3), ass therefore used for any 

estimations of the upper yield stress. 

With the shackles adjusted as so described , the tank 

temperature was adjusted in the usual manner, after which time 

great care wes taken to keep the temperature as nearly constant 

as possible. About fifteen minutes were allowed for conditions 

to become steady during which time the load was cycled several 

times. ,',fter this some scale readings were taken as a check on 
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the axiality and, provided that this was satisfactory and that 

the thermocouples were giving similar constant readings, the 

test was started. The load was carefully increased in small 

steps, a few minutes being allowed after the application of 

load before the scale readings were recorded. This vies 

continued until a sudden yield occurred. Tests of this type 

were performed at various temperatures over the range 

+118°C. to —93°C. At the lowest temperatures for each of the 

two steels the load was decreased es soon es unstable yielding 

began. The tempereture was then decreased still further and the 

load again slowly increased until yield egoin occurred. It 

wes thought that th. amount of pledtio floe which occurred 

during the first yield vies insufficient to cause work—ha-dening 

and that the second yield was therefore a valid point. The 

latter lesults are shown in parentheses in ,eppendix 'A' Teble 15. 

7.3. Results end Discussion of Results  

At the time that the above tests were planned no other 

results were available giving the variation of yield stress of 

the two steels with temperature or strain rate. 	It was 

thought that a knowledge of the variation of static yield 

stresses over a range of temperature would be useful in any 

future analysis of the results. The .author was aware that 

considerable doubt might be cast upon the upper yield stress 

values as determined by 7rarnock and Brennen's method, but no 

more suitable apparatus vias then available. '"hen the tests 
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were actually being performed, hoever, the author was notified 

that a set of static and dynamic tests on the Admiralty series 

of steels was planned end these results have very recently 

been made available by Taylor (81). They give static and 

dynamic, upper and lower yield stress values over a range of 

temperature (see Appendix 'A' Tables 17 and 13). It was hoped 

that the variation with stress rate would also be available, 

but this did not prove possible and only a small change in the 

rate of dynamic stressing could be achieved (Lppendix 'A' 

Table 19). 

The upper yield stress values are largely governed by 

experimental technique, in fact the experimentally determined 

upper yield stress may be as much as 100 greater than the 

lower yield stress if sufficient care is taken (82, 83). 

(This would not be predicted by ;smock and Lrennon's method.) 

It would thus seem more reasonable to employ Taylor's results 

for the purposes of any analysis since they were all obtained 

on the same Hopinson bar machine. Tho author's results are 

listed in Table 15 but, because of the decision to employ 

Taylor's results, the somewhat tedious calculation of upper 

yield stress has only been made in two cases, merely to draw 

a comparison. 

A few room temperature tests at low rates of loading were 

also performed on miniature Houndsfield specimens in an Instron 

testing machine and the yield stress values obtained are given 
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in Appendix 'A', Table 16. Slight evidence of an upper yield 

stress was obtained in two cases only. Although the machine 

tested at constant rates of cross-head movement, there was 

often a deviation from a linear relationship bc.fore a true 

yield occurred. It '!Pas thus not allays possible to 'itiote a 

rate of stressing for these tests. 

To exmine thc ::xperimental results of the notch-bend 

cue notch-tensile tests in the light of some of the different 

hypotheses, however, the yield stresses (especially the 

upper yield stress) are reciuired over a wider range of stress 

rates. 'e have already rotd that there are in existence 

various thoretical predictions of tie upper yield stress 

(see appendix 'P'). There may be disagreement as to the 

validity of some of the physical concepts involved, but they 

have been found to give fair agreement with xperimentally 

determined values over quite a viide range of •temperatures 

and stress rates. Let us take equation (B.3):- 
1 

a-  . = 1  1 +d. 	&la; , T1+4.) 
YG 	° 

row ol-may be exressed in the form d.= 

Let us take c; = 1.68 x 105 p.s.i. and Lo = 0.435 e.v. (which 

was the value obtained by Hendrickson and hood (21) on a 

0.17;' carbon steel). ,lso take kT at 20°C. as 1/40 e.v. 

Substitution of Taylor's experimental values into 

equation (B.3) allowed C to be evaluated. It was necessary 
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to assume a value for the stress rate in the static tests 

by taking an arbitrary time to yield of i minute. There was 

of course a fair degree of scatter,bilt the following mean 

values :/ere determined. 

For steel I p • C = 10-11  see. 

For steel V 1 • C = 1.5 x 10-9 sec. 

The theoretic al upper yield stress against temperature 

curve at the two strest. rates vies t:tcn calculated using the 

above constants, _aria is comp-)red with the actual experimental 

points in Figs. 39 and 40. The theoretical curves are seen to 

be fair approximations to the experimental points in raoat 

cases but tended to predict values which';;ere rather too low 

LA the loder teLTEr7,tures. This is in agreement with the 

findings of Hendrickson and o d. It ;yes decided to add an 

arbitrary correction factor to the curve. Thi._; was taken 

to increase linearly iith decreasing temperature from 

0 at —80°C. to -1-12'1, at —200°C. The corrected theoretical 

curve is shown dashed in Figs. 39 and 40. Fearing in mind the 

experimental accuracy obtainable, the corrected curve may be 

said to be a fair representation of to observed values. 

;, similarly corrected version of equation (7?..3) will therefore 

be used tc obtain any upper yield stress values which may be 

re,:uired 
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SECTION 8 — G:,NERAL DIS US'JION  

8.1. E Correlation of Transition Temperatures  

A very large amount of research effort has been devoted 

towards a correlation of the various tests both with each 

other and also with service failures. For example, different 

modifications have been made to the standard Charpy specimen 

in attempts to develop an inexpensive way of predicting 

behaviour in wide plate teats. It will be apparent, however, 

from Section 2, that the number of different factors that are 

altered in changing from test to test is often quite large and 

an apparent correlation may well be the fortunate calcellation 

of various effcct— The author's results will be presented 

together with the results of Tipper and Van der Veen tests on 

the same steels to show as far as possible the effects of 

changing some of the individual variables. This was intended 

as a comparison between some of thee 'standard engineering tests 

for brittle fracture and thus, although care 	taken in the 

preparation of specimens, no special attempt /as made, for 

example, to prevent the formation of the residual machining 

stresses. To obtain a strict comparison in the light of some 

of the hypotheses it would have been desirable to have 

performed some controlled atmosphere he at—treatment to keep the 

grain size/specimen dimension ratio constant and also to 

relieve residual stresses. The tests being compared would not 

-then be the standard engineering tests, however unsuitable these 
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may be thought. It was decided to accept the factor of a 

constant groin size irrespective of specimen size, but 

another variable which was unintentionally allowed to remain 

was the machine stiffness factor, which mey have a stronger 

influence than was thought (see Section 8.2.). 

The charts, Tables 21 — 23, show how the transition 

temperature as judged by e given percentage crystallinity 

criterion ere affected by the three variables (1) strain rate, 

(2) size, (3) stress system (i.e. notch—tension or notch—

bending). In these charts the concentric semi—circles 

represent the different sizes of specimen, the size increasing 

the radius of the semi—circle from half size Chirpy 

notch—bend to full plate thickness specimens. The centre 

sector shows the notch—bend teats at a constant slow rate of 

elastic straining. In the left hand sector the elastic 

strain—rete is virtually unchanged, but the stress system is 

changed from notch bending to notch—tension. In the right 

hand sector the stress system is unchanged, but nor; the rate 

of elastic strainingis changed in two steps to the impect 

state. To distinguish the two steels the veluesfbr steel 'V' 

are placed at the right hand side of any compartment and are 

underlined. The data shown in these charts is also presented 

in a nodified form in Table 24, 7here the effects of the 

individual variables are separated. 
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TABLE 24  

Effects of the Different Variables upon the % Crystalline  
Transition Temperatures  

P V 

20 	50 	80 20 	50 	80 

P-1 
Impact to Slow -49 -41 -37 -63 -54 -36 

EA 
---,':1  Fast to Slow +2 -2 -13 -15 -5 -4 

Half Standard +76 +79 +67 +24 +31 +37 

14  LN1 
1--1 
m 

Standard to Double 

Double to V de V 

+27 

+10 

+22 

+16 

+23 

+24 

+14 

+17 

+7 

+21 

-9 

+35 

Standard Notch- 
Bend to V de V +37 +38 +47 +32 +28 +26 

Standard Notch- 
Tensile to Tipper -2 +13 +36 -9 +20 +20 

mp,;. 
Slow Notch-Bend 
to Slow Notch- 

con iirq El 
Tensile +18 +8 0 +36 +7 -3 

Cn 
n V de V to Tipper ,-21 -17 -11 -5 -1 -9 Is 

-13 -4 +3 -14 -9 _3  Ad 

CO
M

BI
N

F,
D

 EF
FE

C
TS

 Impact Notch-Bond 
to V de V -12 -3 +10 -31 -26 -10 Is 

-9 -4 +5 -13 -10 +3 Ad 

Impact Not 
to Tipper -33 -20 -1 -36 -27 -19 Is 

-22 -8  +8  -27 -19 0 Ad 
,Is = Isothermal 	Ad = Adiabatic 
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Before any discussion is made on the results shown in the 

charts the degree of accuracy available must be clearly 

understood. It is not always possible to define a precise 

transition temperature for e given material from the results 

obteined in a given test. Those tests which do not exhibit a 

sharp clear—cut transition tends to show scatter in the 

transition region and since normally it is not practicable to 

take more than a few points in this region the final transition 

curve drawn may vary by several degrees depending on the 

points token. This is particularly true at the "elbows" at 

either end of the transition range, it is seen from Pig. 42, 

for example, how one or two extra points could alter the shape 

of the curve in the brittle region quite considerably and with 

it the 80% crystalline transition tempereture. 

The results for the Tipper and Van derVeen tests have been 

taken from a report by the Admiralty revisory Committee on 

tructural :steel (67). The date available in this report Was 

collected from eight different sources, although in fact only 

three laboratories carried out the Tipper test end two the 

Van der Veen test. Thus, although nominally the same steels 

wore used as in the author's test idt is quite possible that 

variations did exist from plate to plate. Also some 

laboratories performed the tests "adiabatically", cooling the 

specimen to e suitable temperature below the desired fracture 

temperature and then recording the actual temperature at 

frecture; whilst others performed them "isothermally", the 
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specimens being immersed in a suitable bath. In general the 

transition temperature for teats performed isothermally 

were of the order of 10°C. lower than the corresponding 

transition temperature for adiabatic tests. Since the 

author's tests were all performed isothermally, the isothermal 

values of transition temperature for the Tipper and Van der 

Veen tests probably form a fairer basis of comparison, and the 

isothermal values have been used in Table 10 unless otherwise 

stated. 

It has been stated that the elastic strain rate at the 

root of the notch is the same for all tests in the centre and 

left hand sectors. This is true for all of the author's tests 

and approximately so for the Van der Veen test, but for the same 

strain rate to be achieved in the Tipper test the rate of 

loading should have been increased quit; considerably. At 

moderate rates of loading, however, the effect on the transition 

temperature is not great, as can be seen from Table 24 by the 

change from slow notch—bend to fast notch—bend. Thus the 

Tipper test results are probably only about five degrees lower 

than the value for a true comparison, at least as far as 

strain—rate is concerned. 

Another point to be considered is the fact that the notch 

in the Van der Veen test is a pressed notch whereas all the 

others are machined.. Van der Veen has shown, from a limited 

number of tests, that it would appear that the transition 

temperature obtained with machined notches is approximately 
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10°C. lower than those obtained with pressed notches (113), 

and this should be borne in mind when using the Van der'Teen 

results for any comparison. 

The Combined Effect of the Various Factors on the Transition 
Temperature 

(1) The strain Pate Effect 

The change of strain rate from impact to slow notch—bond 

caused a marked decrease in transition temperature, the 

numerical value of this drop decreasing with the value of the 

crystallinity criterior; i.e. the change in transition 

temperature was greater when judged by a 20% crystallinity 

criterion than by en 80 crystalline one. This was true for 

both steels although the numerical values of this decrease 

were a little larger in the case of Steel V. The results 

obtained for the change froL. fast to abso notch—bend are not 

entirely consistent because the uncertainty as to the exact 

position of the curve, particularly at the two ends, tended 

to mask the small change involved. It seems fair to say, 

however, that for the steels tested a change in elastic 

strain rate at the root of the notch from 2.02 x 105 to 

2.7 x 106  p.a.i./sec. caused only about 5°U. decrease in 

transition temperature. 

It is perhaps unfortunate that the Cherpy test, %thich 

has developed from a lutite arbitrary test to study impact 

properties, is so widespread in its use. It vias pointed out 

in Section 5 that the stress system produced by the impot is 

extremely complex and the nominal rate of elastic stressing 
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of 17 x 109 p.s.i./sec. derived in Appendix '1]' can only be 

a rough approximation. It may not be justifiable to consider 

the change from fast to impact notch-bend as a simple strain 

rate effect because, at least in the early stages, the rate 

of increase in stress is governed by the stress wave condition 

as are also the complexity of stress and the effective length 

of the specimen. It would seem that a controlled study of 

the rate effect in notched specimens might be more suitably 

performed on a long notch-tensile specimen in which an analysis 

of the stress conditions would be more feasible. 

(2) The 	7:ffect 

Mere is less consistency in the results for the effect 

of size, .rhich arc sho.:in in _Cie-s. 41 ann 42. The results on 

steel P show that the 	crystallinity criterion chosen does 

not Elake a large amount of difference in most cases. But the 

results on steel V are not consistent, the double and standard 

size curves crossing in the high crystallinity region (see 

Pig. 42). It hue already been suggested that t]lis anomaly 

may have been caused by testing an insufficient number of 

specimens in the transition region. The effect of size would 

appear to be more severe in the smaller specimens as is shown 

in rigs. 51 and 52, where the transition temperatures as 

judged by various crystallinity criteria are plotted against 

the specimen size. The Von :,er Veen sp cimen was not 

geometrically similar to the other specimens and so an 

arbitrary dimension of 42.2 mm, equal to (cross-sectional area) 
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was chosen for this plot. But the general shape of the curve 

would have remained unchanged had either the actual :idth or 

depth been used instead. If a correction factor of 10°U. were 

to be subtracted from the Van der Veen transition temperatures 

to account for the effect of the pressed notch then it is 

seen from Tables 21 — 24 that there is little difference 

between the double size slow notch—bend results of the 

author and the Isothermal Van der Veen test results. This 

would imply that the curves in Pigs. 51 and 52 tend to bcome 

almost horizontal at the larger dimensions. 

for those steels which exhibit a size effect, it Mould 

theoretically be possible to perform tests, at a given 

temperature, on a series of geometrically similar 'specimens 

of different sizes. This was in fact sueE  sted in a 

discussion (114) on Locherty's slow—bend tests (63). It is 

possible to plot carves of this type using e:,:isting results. 

If an arbitrary tempereture is chosen on the carves of 

cry stellinity against tempereture ( r igs. 41. 42, end 

also from Ref. 67), then the 	crystallinity corresponeing 

to each size of specimen may be recorded. These "eize 

transition" curves are shown in Pigs. 53 and 54. These curves 

show how the transition size, as judged by any given 

crystallinity criterion, increases with increasing temperature 

The exact shape of the curves is not known eith accuracy, for 

only four points are available for each curie one of 'which 

(the Ven der Veen) is on17 wiThr :imete. The tyr) of curve 
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expected, however, is indicated and Fig. 53 would appear to 

suggest that the effect of temperature on the transition size 

is more severe at the higher temperatures. In the same way 

that Pigs. 51 and 52 were derived from curves of crystallinity 

against temperature, such as Fig. 47, it should theoretically 

be possible to derive curves of say 50';' crystalline transition 

size against temperature from 	53. On reflection, however, 

it will be seen that this would in fact be the same curve as 

Fic:. 51. Thus the shape of -.clic. 51 say could equally sell 

be described as saying, that the effect of size on the 50 

crystalline transition temperature is more severe et the 

smaller sizes, or thet the effect of temper-ture on the 50 

crystalline transition size ie more severe et the higher 

temperatures. 

Fl.?. The flechine Stiffness 7ffect 

The effect of the stiffnes_of the testing machine on the 

transition temper tune has been shown to be smell in many 

cases, but the available evidence is somewhet conflicting 

(108,109). It is ,uite possible, however, to obtain ductile 

instability in slow notch-bend tests (110) in a similar manner 

to that described for notch-tensile specimens in section 6. 

Under these circumstances the transition tonrer1ture, as 

judged by a certain value of indicated energy absorbed, may be 

considerably altered. '.hen the results of some slow notch-

bend tests performed on specimens of steels " and 'V' in a 

Houndsfield Tensometer (111) were compered :ith those of the 
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author it was found tht, whilst the crystallinity transition 

temperatures were unaltered, the energy — temper'ture curves 

were entirely different. For steel 'V' the overall energy 

-so level was higher and the transition temperature nearly 20 C. 

lo. wer than in the author's tests, whilst for steel 'P' the 

reverse .ias true (i.e. the overall energy level ens lower 

and the transition temperature 15°C. to 20°C. higher). 

Thus since, as far an the author is •,1.1:;re, there as no 

evidence of ductile instability it seems that the tea3ting 

machine may, under certain circumstances, have a considerable 

effect. This 	doubts as to whether the comparatively 

small change in transition temperature between slow and fast 

notch—bend tests might be due to the m:Jsking effect of a 

change in effective machine stifThess, by the introduction 

of the ring—type load cell for the fa,A 

8.3. 	Comb; orison of Load:,  'it C. neral Yield in the Different  
T:ts. 

Before any criterion of brittle fracture is considered 

the yield loads obtained j.n the various tests will be 

examined and the relationships between them determined. The 

following subscripts will b._ used throughout:— 

snb. 	standard size notch—bend 

hnb. = Half size notch—bend 

dnb. 	rouble size notch—bend 

ant. 	:Aandard rise notch—tensile 

The same shape of notch is employed in all the specimens 

and therefore the elastic stress dist_:ibution beneath the notch 
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is likely to be the same in each case and the yield stresses 

will be given by:- 

kiPL 	k'P  and (10,171-dyd ' A (°-ilb)yd = 

where P = Applied Load. 

 

	(8.1) 

 

L = Distance between specimen support. 

Z'= Section modulus of the notched cross-section. 

A = Cross-sectional area at the notched cross-section. 

k'= A constant depending on the yield criterion chosen. 

If the appropriate specimen dimensions are substituted in the 

above ecuations then we obtain the following ratio for the 

yield loads:- 
(8.2) : 	: Phnb. 	Psnb. 	Pdnb. 	Psnt. 	: 1 	4 	7.5 	 

If we consider the alternative case of the loads required to 
4 

produce a fully plastic notched cross-section then: 

Phnb. : Psnb. : Pdnb. : Psnt. = * : 1 : 4 : 5 

The various yield loads have been plotted against temper-

ature and are shown in Figs. 56 to 65. Fracture load curves are 

also shown but these will be discussed later. Smooth curves 

have in general been drawn through the plotted points for yield 

loads but there is doubt in somecases 	to the best 

representation of the plotted points. The yield loads corres-

ponding to the different temperatures were read off these curves 

and are listed in Table 25 (pae 137). The yield loads obtained 

at a given temperature in the different tests could then be com-

pared. This has been done in Figs.66 & 67, where the various 

notch-bend yield loads and the static lower yield stress are 

plotted on a base of the standard notch-tensile yield load. 

It may be seen that the 	curves are difficult 

(8.3. )  
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TABLE 25  

The Variation of Yield Load rith Temperature.  

Temu. 
oC. 

Yield Loud Steel P 
Pons 

Yield Laid Steel V 
Tons 

snt. hnb. snb. dnb. Static ant. hnb. snb. dnb. . tatic 
L.Y.S. L.Y.S. 

4 10 psi, 4 10 pci 

50 2.60 - - 2.17 2.94 - - - 2.48 3.54 

40 2.65 - - 2.20 2.95 - - - 2.52 3.56 

30 2.69 - .404 2.24 2.98 3.125 - - 2.58 3.59 

20 2.73 .131 .42 2.28 3.00 3.22 .123 - 2.62 3.62 

10 2.82 .135 .44 2.33 3.01 3.31 .131 - 2.68 3.64 

0 2.92 .138 .46 2.43 3.025 3.40 .138 - 2.72 3.67 

-10 3.03 .1425 .486 2.58 3.05 3.50 .146 .56 2.78 3.71 

-20 3.17 .1475.515 2.72 3.09 3.60 .153,.57 2.86 3.76 

-30 3.31 .153 .542 2.86 3.14 3.70 .161 .59 3.00 3.82 

-40 3.42 .160 .575 3.00 3.19 3.90 .117 .615 3.16 3.90 

-50 3.67 .1675 .610 3.15 3.25 4.11 .176 .64 3.23 4.00 

-60 3.91 .177 .645 3.29 3.35 4.33 .184 .675 3.43 4.11 

-70 - .187 .690 3.44 3.46 4.56 .192 .710 3.57 4.25 

-80 - .198 .740 3.58 3.62 4.78 .200 .750 3.71 4.41 

-90 - .210 .795 3.72 3.85 5.00 .207 .798 3.85 4.60 

-100 - .222 - - 4.20 5.22 .215 .g46 3.99 4.23 
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to interpret for, whilst the points for hnb. end snb. 

specimens lie within the limits for the elastic end fury 

plastic relationships, those for the dnb. specimens lie on 

or above the fully plastic line. 	a direct comparison 

of the three sizaof bend specimen the respective yield loads 

have been plotted, on a lot. basis, in Fig. 68. The expected 

yield load ratios are shown as full lines and it is seen 

that not only is the expected ratio hnb. : snb : dnb. 

= * : 1 : 4 not followed (the experimental ratios being 

0.276 : 1 : 4.25), but also a non—linearity is displayed 

which follows the same trend in both cases. 

The static lower yield stress has also been plotted 

in Figs. 66 and 67 and it is seen that there does not appear 

to be any obvious relation between this stress and the yield 

loads in either the notch—bend or the notch—tensile teete. 

If vie are to relate the uniexiel yield stress 	the yield 

loads then we must consider (i) The value of the strain rate 

at the root of the notch and (ii) The effective stress 

concentration factor that is operetive. 

To obtain an estimate of strain rate, let us take the 

case of a specimen in which the curved 	merk the 

beginning of general yield, have just formed. If the geometry 

of the standard size specimen is considered then for a total 

angle of bend G°, initially neglecting any indentation by the 

sLeiker or ly the anvils, the deflection of the striker may be 
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shown to be :— 

S. 10(1 	(1 — 2 sin. i@)) mm. 	 (8.6) 
2 cos. 	G 

or, for small angles of bend 

(S= 10 g mm  
 (8.7) 

Nov; the deflection at yield is of the order of 0.010 in., say 

G = 0.025 rod. = 0.1430  . . 

and from equation (2.22) the C C.D., 'b' is given by 

b = 2.49 A x 10-3  in. = 3.56 x 10-4in. 

Therefore, for a striker displacement of 0.050 in., there is 

a C.O.D. of 3456 x 10-4in. and, since this displacement is 

calculated over a gauge length which is approximately equal 

to the notch root diameter, then the strain is 0.00686. Thus 

fora rate of striker travel of 1.5 in./mm. the strain rate at 

yield is 0.00686 x olAcy par min. '; 1 per min. 

some account must also be taken of the indentation of 

the striker, and, as a very approximate estimate, it will be 

assumed that, at this stage of the test, half the striker 

movement may be accounted for in indentation and half in 

bending the specimen. Thus the estimated rate of straining 

at the root of the notch at yield is approximately 0.5/Min. 

If, in Table 16, the strain is assumed to be equal over the 

gauge length of the miniature Houndsfield specimen 	0.65 in. 

then from a knowledge of the rate of cross—head movement, the 

strain rates at yield may be calculated. It can be seen that 

the increase in the yield stress at 0.5/min. over the static 
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value will only be about 10c% 7ven in the dynamic yield 

stress tests of Taylor (81), there the rate of plastic strain—

ing at the lower yield vias estimat(d at 1,920/sec., the 

increase in the lower yield stress over the static value was, 

38% for steel 'P' and only 15cA for steel 'V'. 

It is most unlikely that the elastic stress concentration 

factor is still effective v t the point of general yield, end 

instead the rigid—plastic analysis of Alex ender and Kornoly (40) 

may be used to predict the general yield loud. 

or the V—notch Charpy ETecimen, taking into account the 

circular notch—root they obtained a value for the constraint 

factor of L' = 1.2979. 

11ere 	. 21'it  
ka2 

 

(8.4) 

  

and 	= The Collapse :.oment/unit 

a = Depth of specimen below the notch root 

k = 	d / aresca) or = 	(Von ilises) 
4/3 

The specimen geometry may be substituted in the above 

equation to give:— 

p
yd (Tons) = A, say 	  (8.5) 
k (p.e.i.) 

;here A has the values 0.72 x 10-5  (Half Size), L.88 x 10-5 

(Standard Size) and 11.5 x 10-5  (Double Size). 

In general terms it may be stated that ,values of the 

general yield load calculated in this manner were in fair 

agreement with the experimental values for specimens 	were 
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just in the fully ductile range (e.g. standard size steel 'V 

at —400C.). At temperatures above this the predicted load 

tended to be too low, and at lower temperatures the predicted 

loads were too high. 

8.4. An T]xamination of the hosults with regard to the  
liendrichson, Mod and lark Tlypothesis  

It is necessary, first of all, to consider what 

transit ion would be predicted if this hypothesis were in 

fact correct. They have sugested that the material may be 

considered brittle if the plastic zones are confined to the 

vicinity of the notch root and ductile .then the zone becomes 

unstable and spreads across the specimen. There is no doubt 

that such a transition does take place and Knott and Cottrell 

(112), using Fry's reagent on a high nitrogen steel, have 

obtained clear pictures of such deformation patterns. whey 

found, however, that this transition took place at a much 

lower temperature than the 20 ft. lb. transiticn temrcratnre 

in the Izod impact test, ihich \/::As predicted by lindrickson, 

Mod and Clark. Knott end Cottrell pF,rformed 	b(nding 

tests on notched specimens, and plotted the load at yield and 

the load at fracture against temperature. They found that the 

temperature at which these t7io curves crossd coincided dth 

the temperature of incipient instability of the plastic zone. 

Similar curves have been plotted from the author's results 

and are shown in Figs. 56 to .-)5. The load at the first 

brittle crack has been plotted for the fracture load and those 

cracks occurring after the rri -1::irrain load account for the 	in 
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which this curve falls away rapidly at the higher temperatures. 

It is, of course, not possible to obtain values for the yield 

stress at temperatures below the point of intersection of the 

two curves (unlike Knott and Cottrell who were able to turn 

the specimen over so as to put the notch in compression), but, 

whenever sufficient points have been taken in the low 

temperature region, any point of intersection could still be 

determined. The two steels used did not respond to Fry's 

reagent but the surface deformation patterns of a few of the 

specimens were examined using the Cchlieren technique. This 

is a reflected light techniouo which requires polished 

specimens end reveals the deformed regions as either light 

or dark areas (depending on the kind of stop used). Although 

the specimens were not as highly polished as might be desired, 

the resultant pictures (see Plate 6) reveal clearly how the 

plastically deformed zones, slicyin as light areas, become more 

and more confined to the vicinity of the notch as the temper—

ature is eecreesed over this range. The white bends et the top 

and bottom of some of the specimens ere only produced by a 

slight bevelling of the corners during machining. The surface 

patterns may be taken es indicative of the doformotion at the 

centre of the specimen even if the actual pattern differs 

somewhet. Comparisons are avail able of the Fry's etch pattern 

at the centre end the Schlieren surface photographs (110). 

Thus, considerable doubt is thrown on the deformation 

patterns which Hendrickson, wood and Clerk obtained by means 
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of microhurdness tests. For plastic deformation to be revealed 

by a change in hardness the rectal in that region must not only 

have yielded but also viork hardened, and yet one of the 

assumptions mode in the derivation of the theory woe that no 

work hardening took place before plastic inEtability. It has 

also been shown that, after the plastic arcs live spread across 

the specimen, then further deformation can produce "wings" which 

spread from the region of the notch root up to the notched 

surface. These wings are thus an indication of gross plastic 

flow, qld yet such 	wing is shown in the di_ gram of Hendrickson, 

Yood and Clrk ihich is meant to illustrate restricted 

deformation (Ref. 23 Pig. 7). 

The author's curves of the yield and fracture loads do not 

follow exactly the same form as those of Knott. If we examine 

those for the standard and double size specimens of steel 'P' 

(Figs. 57 and 58) it is seen that, after falling away :jith 

decreasing telAperat=e, th,, fracture curve appears to rise again. 

In fact, in Fig. 58 the two curves just fail to intersect at the 

minimum point. 

'llether or not this is true for the standard size specimens 

as shown in Pig. 57 depends on whether or not yield has 

occurred in the test at —106°C. It was thought that they were  

probably coincident and the point is so plotted, but if we 

consider that the ratio of the yield loud at —100°C. to that at 

0°C. is approximitely the same as for the half size spfcimens 

then j. t. is seen that yield has probably not occurred. Thus it 



144. 

seems likely that the standard and double size curves have 

much the same form. A similar kink is obtained in the curve fo 

notch-tensile specimens (although this time it does appear that 

the two curves intersect) and one is also suggested by the 

dashed curve in Fig. 59, for the fast notch-bend. 

In all these cases the discOntinuity in the curve may 

be shown to coincide approximately with the final disappearance 

of any fibrous region, which usually means the shear thumb-

nail. In the case of steel 'V' it could be argued that a 

similar kink is exhibited in the curve for the fast notch-bend 

tests (Fig. 64), but this could with equal justification merely 

be attributed to scatter. The remaining tests on this steel 

do not provide sufficient points to determine whether or not 

th carve rises again. The correspondence •lith the disappear-

ance of the fibrous region may still be valid. 

It is very much to 	regretted that the desi72ability of 

obtaining the surface jeformation patterns was not realised 

'hen the specimens were being made so that suitably polished 

surfaces could have been prepared. The surface finish on some 

of the double size specimens was, however, adequate at least 

to indicate the type of deformation although photographing 

the patte.ns Was difficult. Plate 7 shows three of the double 

size specimens of steel 'P'. General yield was clearly 

indicated in specimen 2.10 at -85°C. and this is just 

discernible as 'fhite arcs in the photograph. For P.11 nt 

-99°G. it was found convenient to show the deformation zones 

as dark patches and it can clearly be seen that yield zones are 
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just starting to spread. across the specimen; experience '.would 

sugest therefore that generel yield has not occurred at the 

centre of the specimen. At -125°C. only localised yield 

has occurred. The deformation patterns shown in Plates 6 and 7 

would then seem to indicate that this kink in the fracture 

load curve reveals the point of plastic instability, irrespect-

ive of whether or not the fracture and yield loads actually 

intersect. 
4 

It is interesting to compare the shape of these fracture 

curves with the tensile fracture stress curves of Hahn et al. 

(13) (see Fig. 3) and with the comparison of similar curves 

i_th nominal fracture stress curves by Knott and Cottrell 

(see Ref. 112, :Cie:. 6). No metallurgical examination has 

been made, however, to investigate the possibility of the 

specimen fracturing as soon as it starts to yield by deform-

ation t:Yin-him% 

A,turning to the Hendrickson, Wood and Clark hypothesis, 

it will be noticed that no size effect is eredicted. By a 

theoretical analysis they calculate the nominal bending stress/ 

yield stress ratio at instability as 	nu  - 	and at this 
0- 	1  yd 	CT- 

stress the maximum stress is given by the equation 2. k2. 
yd 

For the transition point the ma-ximum stress is, by hypothesis, 

the critical brittle fracture stress 0-c. The values k1  = 0.8 

h2  = 2.41 are likely to be much the same for the Charpy 

specimen as for the Izod, but their theoretical derivation is 

independent of size. Thus the only remaining term, by means of 

, ihich a size effect can be introduced, is the yield stress. 
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For the standard size specimens of steel 'P' it is 

suggested that the instability point, As indicated by the 

bottom of the kink in the fracture load curve of 	57, occurs 

at approximately —106°C. The upper yi_ld stress at this 

temperature, for the assumed rate of elastic stressing at the 

notch root of 2.02 x 105 p.s.i., has been calculated by the 

methods of Section 7' 52 x 04  as o. 	7_L 	p.s.i. If k2  is then 

assumed to be 2.41 the value of o— = -c is 2.06 x 10' p.s.i. 

which is in good agreement with the value of lindrickson, 

Wood and Clark. (It has been suggested by J_:nott and Cottrell 

that the critical tensile stress criterion for fracture is 

valid, but at higher temperatures general yield followed by eork 

hardening is necessary before this critical stress can be 

reached.) 

Similar calculitions fere node for the double size 

specimens and the upper yield stress et the temper titre 

correopondinz to inetbility, 	found to be 7.15 x 104  , e.i. 

Now this difference bet icon the yield etresses at inetability 

in the two sizes of specimen can be explained purely on the 

basis of the effect of specimen size neon the yield stress. 

?nom the work of Richards on the yield stress in unnotched 

beams (65) '7e would expect the 	1(1 stress to decrease by 

15.4 for a change of specimen si-e? from 10mm. to 20mm. If 

the upper yield stresses, at a given temperature and stress 

rate, vary in the sane ratio 	sie, then this would predict 

an upper yield stress of 7. n x 10' 	. Similarly the 
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predicted upper yield stress in the half size specimens would 

be 9.86 x 104  p.s.i. The temperature at which such a yield 

stress would be obtained has been calculated to be about 

-130°C. It may be seen from pig. 56 that an instability 

point at this temperature would be quite consistent with the 

results already obtained. 

With regard to the effect of strain rate, it can be 

shown that, at the suggested rate of elastic stressing in 

the impact test (1.7 x 109 p.s.i./sec.), an upper yield 

stress of 8.52 x 104 p.s.i. would be attained at a temperature 

of about -80°C. The surface-finish of the specimens was not 

sufficiently good to permit examination by the Schlieren 

method, but it may be seen from Table 7 that the specimen 

first becomes fully crystalline at about -72°C. Thus it 

might be suggested thet4  within the limits imposed by 

ignorance of the exact condition of stressing, an instabf,lity 

point has again been predicted. 

8.5. Some Comments on the 2xplenation of Size-:affect on the  
tasis of a ;on: tent -idth of i'ib3ouc Freme. 

It has been suggested by Boyd (115) that there is, et 

a given temperature a constant width of "fibrous frame", 

irrespective of the specimen. Boyd envisaged a symmetrical 

frame (i.e. all four sides of equal lidth), a state of affairs 

that was not found in the author's tests. The.appeerance of 

the impact specimen approached this most closely but it was 

felt that it was only justifiable to compare the three sizes of 

slow bend specimen. 
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Because of the unusual 
	

in yihich the 	crystallanity 

curves for steel 'V' cross over (sec Fig. 42) it was decided 

to use the specimens of steel 'P' for the investigations. In 

these specimens the fibrous frame consisted of the well-known 

"Thumbnail" together with a somewhat wider fibrous band along 

the struck face. There were also fibrous edges to the frame 

which tended to be wedge shaped, decreasing in .:idth towards 

the notch. The borders of the frame were irregularend it 

vies not possible to measure them to an accuracy greater than 

0.1mm. It can be seen from 	70 that both the fibrous 

thumbnail and the fibrous edge may be said to be appro:;imately 

constant at a given temperture, irrespective of whethera 

standard or double size specimen is considred. Considerable 

scatter •  as exhibited and the plot 	not been continued 

into the region of large shear lips, because in this region 

the crystalline surface is only present in isolated ptches. 

In the half size specimens an entirely different surface 

appearance vies obtained (see rig. 69), only the fibrous 

thumbnail being present.._`Ten at comparatively low values 

of 	crystallinity the crystalline region was exhibited as a 

band along the struck face. It was not possible to effect any 

correlation of the half size specimens -with the standard and 

double sizes by means of the shr.nr. 	thumbnail size. It may 

be stated, however, that the change from a completely fibrous 

surface to a full width crystalline band took place at a 

temperature aproximately 10°C. below that at which the fibrous 

edge finally disappeared in the larger sp cimens. 
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Attempts were made to estimate the variation of the 

crystallinity transition temperature with eize on this basis, 

but no real agreement was obtained with the experimental 

results. It would seem from the work of Bluhm (34) that the 

width of the fibrous ed7e is likely to be constant at a given 

temperature, but that in tee Charpy specimen this effect is 

masked by the end effects at initiation end arrest. 

8.6. Brief Comments on the Crack Openinr Dislocation Concept  

It was shown in Section 2 that the C.O.D. may be 

expreseed in terms of the angle of bond U es:— 

b = 2.49 G x 10-3 	(euetion 2.22) 

and in Cection 8.3 it wes shown how en estimate of G, end 

hence 'b' could be made from the value of deflection. It is 

difficult to know whet alto: ence to make for the ineentetion 

of the specimen, but it is intereeting to make a comparison 

of the theoretical energy absorbed, es estimated through these 

concepts, with the measured veluee. 

If fracture mechanics ere to be used to interpret data 

from V—notch Chirpy seecimens then it iould seem that the 

type of specimen most likely to conform to these ideas is one 

posse: sing e fully crystalline surface ep-peerance .and 

preferably also one which fractures before general yield. If 

we consider one of the fest notch—bend specimens, P 193 (-1000C. 

then it is seen from Fig. 59 that not only did fracture take 

place below the suggested instability temperature, but also 
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below the clearly indicated intersection of the yield and 

fracture load curves. 

If indentation is neglected then the deflection at fracture 

(0.017 in.) may be used to calculate the angle of bend as 

1.246°. Now Yells (38) has suggested the following relation 

for the angle of bend at fracture:— 

go = 0.47 U 

There U is the energy absorbed in ft. lb. 

For the value of G = 1.246° this would predict an energy 

absorption of 2.65 ft. lb. or 0.366 kJT.le. This may be compared 

with the measured energy absoIbed of 0.29 hg.n. The calculated 

deflection corresponding to the latter value of energy is 

0.007 in. which would imply a vluo of 0.010 in. indentation. 

alternative approach is to use the rel Lion beteeen the 

upper yield stress) and K. sueseted by Krafft end Sullivan (116). 

This is: 

= K. 	or- 
7 
- zc uys 

is a proportionality cenetent, :Mich for steel '721 

would be of the order of 	x TC12. 70w for the temperture 

end stress rate in cuestion c- 	may be ealculeted as 9.02 x 10 
uye 

p.s.i., giving Xis as 14.C5 Ton/in.2
1/in. This value may be 

relation ~{ 	Ton/in. /in. (':!ere lc 

U is in ft. lb.), which '-if_is suL;rested by ' lls,giving 

3.09 ft. lb. or 0.428 kg.. 

4 
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If the value of indentation of 0.010 in. is correct then 

the true angle of bend et fracture is 0.9880, vihich from 

equation (2.22) mukes 'b' = 0.0025, ihich 	of the asIme order 

as the critical disolacement au, gested by uottrell (see 7).53). 
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SECTION 9 — CONCLUSIONS AND R7;COTEENDATIONS FOR FUTURE  
:ORK 

Experimental evidence has been produced which allows 

the relative importance of some of the individual variables, 

that control the transition temperature in a given test, to 

be estimated. The results suggest that, for the type of notch—

bend specimen considered, the variation of the nominal rate 

of stress within moderate limits (say up to 107 p.s.i./sec.) 

does not have a strong effect on the transition temperature. 

It is only at rates of loading approaching impact conditions 

that a marked change in transition temperature seems likely. 

It is suspected, however, that under these conditions extra 

complications may be introduced into the stressing system 

other than pure rate effect. 

The effect of specimen size is shown to be considerable, 

but the experimental evidence points towards a possible limit 

to this effect in the larger sizes. It has been shown that 

the stiffness of the tasting system, originally thought to 

be of minor importance, may have a strong effect on the 

transition point, whether or not ductile instability is 

present. It is suggested that should this programme be 

continued, in order to complete some of the other links 

indicated by the vacancies in Tables 21 to 23, then efforts 

should be made to ensure that any variation in machine 

stiffness is minimised. 

A fracture criterion of the ILndrickson, Wood and Clark 

type appears to be valid, but it is shown that the transition 
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point predicted in notch—bend specimens is not the 20 ft. lb. 

transition temperature hich they suggested. The transition 

point is in 

corresponds 

temperature 

by means of 

to coincide 

part of the  

fact at the fully brittle end of the curve, and 

with a discontinuity in the fracture load against 

curve. The discontinuity itself has been shown, 

Schlieren photographs of the deformation patterns, 

viith the onset of fracture at general yield. This 

investigation could only be performed on steel 'P' 

and the valuable confirmation of these findings might be 

obtained if the tests on steel 'V' aerc extended into lower 

temperature regions. It is further suggested that any 

future specimens, wthich are intended for tests in this low 

temperature region, should be polished, at least on one side. 
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STANDARD SIZE LC T NOTCH-3:ND JIG 
SHOING THE RING-TYPE -1,0D-CELL NiA THE 

FICK-U2 

"3 



CHIRPY ILI)ACT ICHIN - PENDULUE HEAD 

(PLATT: 3) 
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SPRING-LOA= CONTACTS AND SOLPOIDS ON THE IMPACT 



SHACKL ASSEMBLY FOR THE YIELD STRESS T:]STS 
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(PLATE 6) 

THE DEFORMATION PATTERNS OBTAINED 
ON Sr1ANDARD SIZE SLOW NOTCH—BEND SPECIMENS 
PHOTOGRAPHED USING THE SCHLIEREN TECHNIQUE 

(a) P.301 — 82°C. 98; crystalline 

(b) P.302 — 106°c. 99io  crystalline 



(PLATE 6) 
(continued) 

(c) P.306 - 118°C. 100iL crystalline 
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(d) P.307 - 196°C. 100% crystalline 



I b9 

r 10 -85°C. 

P 12 -125°C. 

THIS DEFORLLTION PATTERN IN SOiiTL 
DOUBLE SIZE SPECITENS 

(PLATE 7) 
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FURTHER SCHLIEREN PHOTOGRAPH 
STANDARD SIZE NOTCH TENSILE SPI:C=N 

P.12 —115°C. 100°  crystalline 

(PLATE 8) 
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(b) End 

JICRO:3TRUCTUTE OF STL-LL, 
X100 

(PLATE 9) 

iii  



(3) 	aoT. 

(I) End 

LICTMTRUCTURE OP STEEL 'V . 

x 100 

(PIT: 10) 
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TABLE 3 STANDARD SIZE SLOW NOTCH BEND STEEL P 

Spec- 
imen 

No. 

Temp. 
so 0. 

ei Maximum Load 1st Brittle Crack 
Yield 
Load 
Tons 

1:nergy kg.m. d r 
Crys t- 
alline 

d /0 
Cont-
racoon 

P 

T2xPan-  sion Load Deflec- 
tion 

in. 

Load 
Tons 

Deflec- 
tion 

in. 

mm. 
Fibrous Before 

Naximum 
Load 

After 
Maximum 

Load 

Before 
1st. 
Brittle 
Crack 

After 
1st. 
Brittle 
Crack 

Total 

20 +28 14.8 1.032 .127 - - .39 - 2.66 3.58 - - 6.24 7 11.1  

11 +18.2 15.1 1.064 .125 - - .455 8 2.72 4.17 - - 6.89 1 12.5: 

22 +11 14.8 1.077 .080 1.070 .089 .435 - 2.84 1.16 3.095 0.91 4.00 50 12.6 

23 +5.0 14.0 1.068 .133 0.962 .173 .415 - 2.93 1.51 3.92 0.52 4.44 4.5 12.9 

12 0 12.0 1.07 .065 1.07 .065 .86 0.7-8 1.72 0.95 1.72 0.95 2.67 60 - 

13 0 11.4 1.102 .131 .962 .177 .465 2.0 2.94 1.74 4.04 0.64 4.68 55 12.9' 

24 -5.0 11.9 1.064 .117 1.064 .117 .46 - 2.535 0.595 2.535 .595 3.13 65 6.75 

14 -10 9.5 1.114 .124 1.114 .124 .51 1.0 2.78 0.17 2.78 0.17 2.95 80 10.1 

15 -20.6 7.3 1.038 .092 1.038 .092 .52 0.4 1.92 0.31 1.92 0.31 2.23 85 8.6 

16 -30 7.7 1.09 .097 1.09 .097 .55-6 0.2 2.155 .255 2.155 .255 2.410 90 6.6 

17 -50.2 5.8 1.09 .085 1.09 .085 .62 0 1.85 .07 1.85 0.07 1.92 95 5.3 

18 -70 4.1 1.06 .058 1.06 .058 .71 0 1.24 .015 1.24 .015 1.255 100 3.8' 

301 -82 3.6 0.988 0.052 0.988 .052 .68 0 1.05 0 1.05 0 1.05 98 3.5 -  

302 -106 1.3 0.884 0.0105 0.884 .0105 .884 0 0.17 0 0.17 0 0.17 99 0.04 

100 - 
306 -118 - 0.900 0.0095 0.900 .0095 .900 0 0.15 0 0.15 0 0.15 

307
*  

-196 0.25 1.094 0.0065 1.094 .0065 - 0 0.13 0 0.13 0 0.13 100 40 

* Fracture occurred on Linear Section of Load- Time Curve 



TABLE 4 STANDARD SIZE SLOW NOTCH BEND STEEL V 
Specimen 

No. 
Temp. 
oC. 

% 
Expan- 
sion 

Maximum Load 1st Brittle Crack Load 
at 

Yi:21d 

mm. Energy kg.m. 
Cryst-
alline Load 

Tons 
Deflec- 
tion 

in. 

Load 
Tons 

Deflec- 
tion 

in. 

Fibrous 
Before 

Maximum 
Load 

After 
Maximum 
Load 

Before 
1st. 
Brittle 
Crack 

After 
1st. 
Brittle 
Crack 

Total 

138 +9 14.73 1.01 .089 - - 0.58 8 1.96 4.45 - - 6.41 0 

139 -10 15.33 1.098 .099 - - 0.565 8 2.28 4.78 - - 7.06 0 

140 -20 15.4 1.093 .102 - - 0.565 8 2.34 4.71 - - 7.05 0 

141 -30 15.87 1.109 .116 - - 0.580 8 2.70 4.37 - - 7.07 0 

142 -40 15.8 1.130 .107 - - 0.63 3 2.58 4.52 - - 7.10 0 

143 -50 15.94 - - - - - 8 - - - - - 2 

144 -55 15.5 1.137 .095 - - 0.72 8 2.34 4.52 - - 6.86 .1 
2 

146 -57.5 9.64 1.197 .112 1.145 .131 0.70 1.3 2.80 0.68 3.42 0.06 3.48 90 

145 -60 10.22 1.136 .097 1.01 .138 0.68 2.2 2.39 1.24 3.55 0.08 3.63 70 

147 -66 12.2 1.158 .097 0.94 .176 0.70 2.9 2.41 2.28 4.64 0.05 4.69 65 

148 -70 16.5 1.171 .105 0.12 .407 0.68 6.8 2.67 4.33 6.97 0.03 7.00 15 

151 -70 5.39 1.10 .068 1.10 .068 0.725 0.5 1.61 0.32 1.61 0.32 1.93 95 

149 -74 12.58 1.184 .101 0.912 .177 0.714 3.5 2.64 2.14 4.75 0.03 4.78 60 

150 -74.8 8.88 1.149 .1095 1.136 .118 0.625 1.5 2.84 0.35 3.10 0.09 3.19 90 

306 -105 8.1 1.198 .070 1.198 .070 .837 0.4 1.33 0 1.83 0 1.83 95 

307 -120 8.1 1.248 .066 1.248 .066 .946 0.4 1.74 0 1.74 0 1.74 95 

309
* 
 -196 0.5 0.794 .0065 0.794 .0065 - 0. 0.06 0 0.06 0 0.06 100 

* Fracture occurred on linear section of load-time curve. 



TABLE 5 STANDARD SIZE FAST NOTCH BEND STEEL P 

Specimen 
Number 

Temp. 
oc.  

% 
Maximum Load 1st Brittle Crack Load 

at 
Yield 

mm. Energy kg.m. % 
cryst-
alline Expansion 

Load 
Tons 

Deflec- 
tion 

in. 

Load 
Tons 

Deflec- 
tion 

in. 

Fibrous 
Before 
Maximum 
Load 

After 
Maximum 
Load 

Before 
1st 
Brittle 
Crack 

After 
1st 
Brittle 
Crack 

Total 

187  80.5 14.68 1.099 .1215 - - .500 8 2.44 4.10 - - 6.54  0 

186 49.4 16.1 1.065 .121 - - .536 8 2.62 4.30 - - 6.92 4.1 

185 29.4 15.1 1.09 .128 1.065 .155 .575 8 2.88 3.56 3.68 2.76 6.44 5 

157 16 14.8 1.11 .127 0.478 .3115 .598 8 2.80 5.31 6.75 1.36 8.11 7 

158  10 14.45 1.14 .143 0.749 .271 .641 8 3.32 4.99 6.60 1.71 8.31 12 

159 3.8 10.97 1.13 .139 1.053 .194 .616 1.3 3.16 2.10 4.67 0.59 5.26 70 

160  -0.5 10.3 1.148 .138 1.148 .138 .675 .6 3.22 0.50 3.22 0.50 3.72 80 

161 -8 10.24 1.159 .132 1.15 .140 .661 .7 3.10 0.49 3.34 0.25 3.59 90 

174 -9.5 8.30 1.165 .136 1.165 .136 .E72 .4 3.26 0.14 3.26 0.14 3.40 95 

162 -15 8.73 1.185 .129 1.172 .140 .698 .4 3.14 0.47 3.51 0.10 3.61 95 

163  -21.5 8.94 1.19 .129 1.179 .1406 .715 .9 3.15 0.43 3.51 0.07 3.58 92 

175 -28.5 7.22 1.155 .1105 1.155 .1105 .696 .3 2.59 0.06 2.59 0.06 2.65 97 

176 -40 4.22 0.965 .051 0.95 .0536 .760 trace 0.99 0.07 1.04 0.02 1.06 99 

178 -50.5 4.27 1.033 .056 1.033 .056 .798 Trace 1.15 0.05 1.15 0.05 1.20 99 

179 -60 3.08 1.06 .043 1.06 .043 .901 0 0.97 0.05 0.97 0.05 1.02 100 

181 -72.5 1.65 1.025 .023 1.025 .023 .995 0 0.42 0.01 0.42 0.01 0.43 100 

182 -77 .254 1.017 .018 1.017 .018 .0 A1 . 0 0.30 0.01 0.30 0.01 0.31 100 

184 -155 .178 .840 Not lmown - Not known - 0 Not Known 100 

183 -196 0 .694 Not known - Notlmown - 0 Not Known 100 

193  -100 .97 .990 .017 .990 .017 - 0 0.29 0 0.29 0 0.29 100 

194 -127 .79 .994 Not known .994 Not knomn - 0 Not Known 100 

190 -196 .18 .84 Not knonn .84 Not known - 0 Nbt known 100 

192 -196 .15 .719 .0061 .719 - - 0 0.056 0 0.056 0 0.056 100 



TABLE 6 STANDARD SIZE FAST NOTCH BEND STEEL V 

Specimen 
Number 

Temp.% 
0C. 

Maximum Load 1st Brittle Crack Load at 
Yield 

mm. 	, 2 nergy kg.m. e P 
Cryst-
alline Expansion Load 

Tons 
Deflec- 
tion 
in. 

Load 
Tons 

Deflec- 
tion 
in. 

i'ibrous Before 
naximum 
Load 

After 
Maximum 
Load 

Before 
1st 
Brittle 
Crack 

After 
1st 
Brittle 
Crack 

Total 

190 77.4 14.0 0.986 .0869 - - .547 8 1.80 4.14 - - 5.94 0 

188 49.4 15.01 1.035 .0951 - - .604 8 2.01 4.31 - - 6.32 0 

152 16.4 14.79 1.13 .115 - - .734 8 2,60 6.39 - - 8.99 <1 

153 -15 14.86 1.122 .117 - - .713 8 2.72 5.19 - - 7.91 <1 

158 -20 14.9 1.126 .0967 - - .745 8 2.25 5.10 - - 7.35 0 

168 -32 15.1 1.17 .108 - - .78 8 2.06 5.10 - - 7.16 0 

169 -42 15.0 1.20 .0992 - - .865 8 2.44 5.35 - - 7.79 i 4 

171 -50 16.3 1.22 .0973  .41 .300 .875 8 2.53 6.94 6.77 0.70 7.47 6 

174 -52 14.3 1.21 .095 .66 .232 1.01 4.1 2.43 3.29 5.65 0.08 5.72 50 

175 -53.5 15.61 1.20 .0956 .12 .385 .854 7.1 2.51 5.00 7.39 0.12 7.51 8 

172 -55 8.45 1.20 .09-.11 1.20 .113 .89 1.0 2.97 0.26 2.97 0.26 3.23 92 

178 -58 14.05 1.17 .093 1.11 .114 .88 8 2.46 3.80 2.99 3.27 6.26 15 

181 -63 14.84 1.23 .104 .365 .304 .91 8 2.36 4.94 6.87 0.43 7.30 12 

179  -70 8.54 1.195 .087 1.145 .0953 .92 1.75 2.26 0.97 3.17 0.06 3.23 90 

182 -76.8 9.6 1.215 .0765 1.07 .1355 .96 2.2 1.93 1.83 3.70 0.06 3.76 88 

183 -82 5.96 1.27 .0762 1.24 .082 1.02 0.7 2.01 0.26 2.22 0.05 2.27 96 --- 

170 -196 0.18 0.56 i.0065 0.56 i.0065 - - 10.04 . 0 -10• 04 7  0  1-0.04 • 100 

191 -97 1.32 1.045 .013 1.045 .013 1.045 - 0.31 0 0.31 0 0.31 100 

187 -100 2.16 1.220 Not known 1.22 Notlinown - - Not known 100 

1.04 - - - 0.24 0 0.24 0 0.24 100 
192 -125 1.22 1.04 .015 



TABLE 7 STANDARD SIZE IMPACT NOTCH BEND STEEL P 

Specimen 
No. 

. 	 

Temp. 
oC. 

% 
:::x1pan-
sion 

Maximum Load 1st Brittle Crack Energy kg.m. 

In
te

g r
a t

e d
 a

re
   

m /
c  

e
ne

rg
y  

% 

Load at 
1st. 
Reversal 

% 
Cryst- 
alline Load 

Tons 

. 

Deflec- 
tion 
in. 

.. 

Load 
Tons 

Deflec- 
tion 
in 

Before 
1st. 
Brittle 
Crack 

After 
1st 
Brittle 
Crack 

TOTAL Value  

Correct-
ed m/c 

99 +91 18.5 1.16 .028 - - - - 6.38 9.89 64.6 .707 1 

98 +83 18.8 0.895 .020 - - - - 6.71 9.90 67.8 .552 3 
96 +68 17.7 1.002 .0138 - - - - 6.16 9.60 64.3 .766 7 

97 +60 17.1 1.010 .0167 0.984 .1225 2.72 3.08 5.80 8.91 65.0 ,.702 20 

94 +48 13.72 1.043 .0128 0.980 .0930 2.13 1.97 4.10 6.21 66.0 .678 70 	, 

95 +32 11.2 1.195 .025 0.981 .076 1.56 1.66 3.22 5.06 63.6 .515? 75 
100 +9 4.04 1.108 .013 1.025 .023 0.52 0.46 0.98 1.89 51.9 .778 90 

101 0 3,42 1.164 .013 0.999 .022 0.43 0.22 0.65 1.29 50.4 .740 92 

102 -21 2.04 1.188 .012 1.188 .012 0.28 0.09 0.37 0.63 58.8 .750 97 
103 -55 1.05 1.039 .014 1.039 .014 0.27 0 0.27 0.41 65.8 .761 99 

104 -72 2.34 0.603 .010 0.600 .013 0.19 0 0.19 0.55 34.6 .442 100 

106 -.-1- 	-100 0.82 0.868 .011 0.868 .011 0.21 0 0.21 - - .778 100 
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TABLE 9 HALF SIZE SLOW NOTCH BEND STEEL P 

Specimen 
Number 

Temp. 
oc. 

% 
Expansion 

Maximum Load lst. Brittle Crack Load at 
Yield 

mm. Energy kg.m.  
cryst-
alline Load 

Tons 
Deflec- 
tion 
in. 

Load 
Tons 

Deflec- 
tion 
in. 

Fibrous Before 
naximum 
Load 

After 
Maximum 
Load 

Before 
1st 
Brittle 
Crack 

After 
1st 
Brittle 
Crack 

Total 

I +80 19.5 - - - - - 4 - - - - - 0 

E +16.5 20.4 .254 .085 - - .132 4 .451 1.182 - - 1.733 0 

F - 0.5 13.7 .281 .088 - - .144 4 .482 .708 - - 1.190 0 

G -20.5 14.1 .276 .085 - - .149 4 .455 .721 - - 1.176 0 

H -40 13.7 .284 .086 - - .159 4 .485 .700 - - 1.185 0 

J -51 13.9 .294 .098 - - .166 4 .564 .753 - - 1.317 0 

K -61 13.9 .310 .093 .142 .184 .170 4 .523 .725 .914 .134 1.248 15 

L -68 14.0 .300 .087 .085 .222 .189 3.0 .519 .701 1.220 0 1.220 25 

M -74 14.1 .302 .077 - - .192 4 .427 .843 - - 1.270 trace 

A -85.4 12.7 .300 .0605 .291 .091 .205 0.5 .386 .239 .625 0 .625 90 

B -92.4 13.2 .308 .077 .297 .102 .212 0.7 .506 .187 .693 0 .693 90 

C -108.3 12.2 .316 .071 .313 .078 .232 0.15 .480 .059 .539 0 .539 95 

D -196 1.3 .223 .0076 .223 .0076 - 0 .022 0 .022 0 .022 100 



TABLE 10 HALF SIZE SLOW NOTCH BEND STEEL V 

.pecimen 
No. 

Temp. 
oC. 

% Maximum Load 1st Brittle Crack Load :nergy kg.m. 
Cryst-
alline 

Expan- 
sion Load 

Tons 
meflec- 
tion 
in. 

Load 
Tons 

Deflec- 
tion 

in. 

at 
Yield Before 

Maximum 
Load 

iifter 
Maximum 
Load 

Before 
1st. 
Brittle 
Crack 

After 
1st. 
Brittle 
Crack 

Total 

C 18 18.5 .242 .075 - - .124 .372 .760 - - 1.132 0 

D 0 13.2 .260 .082 - - .137 .445 .774 - - 1.219 0 

E -24.5 18.1 .270 .069 - - .153 .390 .810 - - 1.200 0 

F -35 17.3 .260 .069 - - .142 .372 .818 - - 1.190 0 

G -44.5 18.9 .285 .070 - - .1685 .422 .877 - - 1.299 0 

H -49.6 18.6 .284 .078 - - .156 .469 .847 - - 1.316 0 

J -55 18.8 .284 .0695 - - .182 .422 .838 - - 1.260 0 

K -59 17.5 .289 .067 - - .183 .392 .906 - - 1.308 0 

L -65 16.6 .298 .068 - - .187 .425 .816 - - 1.241 0 

M -70 17.7 .294 .068 - - .192 .425 .710 - - 1.135 2 

N -75 17.5 .290 .057 .024 .328 .201 .350 .912 1.258 .004 1.262 Faint 
trace 

0 -85.4 17.6 .315 .068 .0615 .211 .2095 .433 .716 1.087 .062 1.149 5 

P -90 18.6 .288 .063 .1075 .184 .200 .388 .646 1.034 0 1.034 30 

R -105.3 17.4 .294 .071 .240 .118 .204 .450 .323 0.773 0 .773 75 

S -1 QA 0.9 .261  .nni -263 .001 .041 0 .041 0 .041 100 



TABLE II DOUBLE SIZE SL OW NOTCH BEND STEEL P 

Specime4 
No. 

Temp. 
o C. 

,, ,', 
1:xpan- 
sion 

fluximum 
Loud 
Tons 

Naximum 
Deflec- 
tion 

in. 

Load at 
1st 
Brittle 
Crack 

Tons 

Deflac- 
tion ,t 
1st 
Brittle 
Crack 

in. 

Lo'.1d 
at 

mrl. 
Fibrous  

nergy kc.m. 

alline Before 
Lia:-:imum 
Lo,..; 

Yield Cryst-After 
iaximun 
Loud 

Before 

Crack 
lstEr:P.LtBrit. :'fter 

Crack 
Total 

8 +66 13.28 3.72 .203 - , 	- 2.10 16 15.51 23.67 - - 39.18 0 

9 +56 12.58 3.91 .199 - 2.21 16 15.91 27.50 - - 43.41 trace 

7 +46 13.04 3.74 .191 2.18 .394 2.16 7.5 1.61 26.01 31.02 9.60 40.62 7 

6 +32.8 11.10 3.36 .193 3.82 .2245 2.2!, 2.1 15.32 12.77 18.50 9.59 28.09 30 

1 +22 8.95 3.95 .202 3.93 .214 2.28 1.3 17.24 it-.4.3 18.55 ;4.3.0 S-21.5 70 

2 +11 3.96 4.02 .200 4.02 .230 2.325 0.8 6.55 f.1.5 16.55 --11.5 #18.0 80 

3 -12 7.29 4.08 .162 4.03 .162 2.655 0.6 13.50 0 13.50 0 13.50 90 

4 -38 5.6 3.96 .122 3.96 .122 2.92 0.1 _..,o 0 9.90 0 9.90 95 

5 -60.5 2.92 3.42 .049 3.42 .049 3.32 0 2.87 0 2.87 0 2.87 98 

10 -85 2.53 .3.67 .019 3.67 .019 3.65 0 1.42 0 1.42 0 1.42 100 

11 -99 	• 2.04 3.89 .008 3.89 .008 - 0 0.41 0 0.41 0 0.41 100 

12 -125 1.40 - - - - - - - - - 100 



TABLE 12 DOUBLE SIZE SLOW NOTCH BEND STEEL V 

Specir:en 
No. 

Temp. 
oC. 

,,, % 11 ...L7:an- 
sion 

Jaxillun Load ist Brittle Crack Load 
at 
Yi ld 

run. 
Fibrous 

:::nergy kg.m. % 
Cryst- 
alline Load 

Tons 
Deflec- 
tion 
in. 

Load 
Tons 

Deflec- 
tion 
in. 

Before 
Llaximun 
Load 

After 
Llaximum 
Lo !,3 

13c :ore 
1st  
Brittle 
Crack 

:after 
1st 
Brittle 
Crack 

Total 

10 +64 12.54 3.70 .172 - - 2.40 16 13.24 22.84 - - 36.08 0 

9 +46 12.54 3.72 .155 - - 2.50 16 11.90 26.00 - - 37.90 0 

1 +15 12.9 3.79 .158 - - 2.64 16, 13.10 l 	24.48 - - 37.58 0 

2 -12 13.12 3.94 .142 - - 2.785 16 11.78 27.20 - - 38.98 2 

3 -21 13.24 3.94 .173 - - 2.87 16 15.01 423.4 - - 438.4 0 

4 -33.5 14.1 4.14 .175 - - 3.04 16 15.97 424.2 - - A40.2 1 

5 -44 13.4 4.21 .162 1.50 .445 3.22 16 14.19 i24.5 36.00 42.7 438.7 10 

6 -51 11.34 4.15 .169 4.00 .224 3.20 No full 
lip 14.29 18.63 20.23 12.69 32.92 30 

7 -60.5 10.6 4.36 .1495 3.10 .307 3.48 6.5 13.92 15.88 29.80 0 29.80 62 

8 -71 9.82 4.44 .147 3.69 .268 3.66 5.0 13.69 12.95 26.64 0 26.64 67 

11 -79 8.59 4.15 .075 4.15 .075 43.52 3.0 6.69 0 6.69 0 6.69 80 

12 -96 5.40 4.24 .044 4.24 .044 43.94 0.2 3.84 0 3.84 0 3.84 98 

13 -112 3.75 4.11 .026 4.11 .026 - 0 1.07 0 1.07 0 1.07 100 

14 -123 0.94 3.28 .007 3.28 .007 - 0 0.40 0 0.40 0 0.40 100 



TABLE 13 
STEEL P STANDARD SIZE NOTCH TENSILE 

- 	'imen 
712Lbr Load 

Temp. 
oC. 

tlaximum Deflec- 
tion at 
n3XiMUM 
Loud 

Load at 
Fracture 

Deflec- 
tion at 

Yield Load Energy in kg.m. 
. 

ci /, 
Cryst- 
alline Fracture Before 1 2 Maximum 

After 
Maximum Total 

1.______ 	_ 	.. 	. 
+54.3 4.21 • .151 3.97 .177 2.60 3.05 13.81 2.84 16.65 0 

3 +35 4.22 .152 3.85 .193 2.74 3.22 13.45 4.48 17.93 10 

+30.5 4.28 .168 4.09 .1905 2.65 3.15 15.25 2.24 17.49 45 

+10.4 4.43 .1725 4.30 .190 2.86 3.34 15.90 1.97 17.87 80 

G -6 4.57 .1675 4,.35 .187 3.02 3.63 16.70 2.30 19.00 55 

, -18 4.63 .172 4.59 .182 3.25 3.75 17.05 1.13 18.18 85 

-31 4.75 .155 4.75 .155 3.34 3.95 15.20 0 15.20 95 

-50.5 4.65 .115 4.65 .115 3.71 4.31 11.78 0 11.78 98 

1.0 
_ 

-65.5 4.13 .030 4.13 .030 4.08 - 1.53 0 1.53 100 

_. -89 4.54 .031 4.54 .031 4.54 - 1.89 0 1.89 100 

10 -- -111.5 5.41 .0195 5.41 .0195 - - 1.194 0 1.194 100 



TABLE 14 
STEELY STANDARD SIZE NOTCH TENSILE 

-- 	ci.7'en 
-,..-Lr 

Th..- 	. 
r, 

,,,,7 5.••!:1,-; 
T 	1  

7'ef/ec- 
tion -f-., 
..1.---1 -1 

T 00,r1 

Tod 	i.„-t, 
"rJot-tre 

oflec- 
tion at 
71-act:ire 

Yiele. Load Enero-v 	in 	I;-!-;.L-1. ("/= 
Crvst- . 
a/line 1 0 . 71ofore 

7a.-Kimum 
After 
!-`axt-11.1m 

Total 

..• 5 I 	.1 nr,  4.1 C 0.104 3.10 • -.. 	ro 1,-..1.o0 13.50 2.50 G. 	' 0 

,,,, ,,.. 	- _ ,..,,7, _ - 3.28 - - - 0 

-1.2 4.00 0.172 4.40 C.101 3.37 2. -.1 17.G2 ,,.00 19.04 0 

5 -1r:.- 4.57 0.137 Y..23 0.105 7.53 ,4..12  13.32, ..31 17.19 a 

4.74 0.144 ';.^3 0.1(135 3.08 4.°1 19.19 2.44 1C,03 20 

--.c., 4.77 0.100  r1 	1c e.1005 'i.01. 4.13 17.05 2.34 19.39 20 

4.7'1 - 	0.101 01 c.,n3 - 	,,-, ....7.....s., 4.27- 17.11 2.5f1 10.09 25 

-5c 4. - 0.e.735 Ii.'7,2 0.009 4.13 11.1' 13.1i2 3.08 10.50 45 

c. -!'y !1 !!.:"!.!! 0.f172 4.. 0.125 '1.3?.: 4.37 7.75 0.50 14.25 M.) 

11 . 	-'' 	'' 0.0°,0 7,.53 0.000 5.11 5.1. 7.00 0 7.90 95- 

-y -  -10° 5. ?!0 0.030 :',..,i0 0.030 5.40 - 2.67 0 2.63 100 
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IABLI: 15  

STATIC II.JD STRLSS TLLU:.S OBIZAINED BY THi] AT2HOR  

::feel lerdpermtui.e 
oC. 

4 I:, 	'd 	treso 	(10 	p..fl.i.) 
c 

IT, per Lo er 

P +30 2.15 2.0 

P +20.7 - 3.00 

P -30 - 3.16 

P -70 - 3.46 

P -93 - 4.025 

P (-103) - (4.325) 

V +118 4.27 3.46 

V +19.7 - 3.92 

V -30 - 3.82 

V -74 - 4.48 

V -87 - 4.58 

V (-99) - ( 4.69 ) 

TAIT3LT: 16  

=JD 	VALT.J S OBT,,=D ITT TILT' IN::TRON 11,CHIN  

Steel Rote of Gros;:3- 
Head liovement 

in . /min . 

li.Jad Streso 	(104'). 	i.) Stre,o 	R.te 
(;there Opp-,  
li cable ) !.,. 3.i 
/oec. 

U Upper Lower 

P 0.002 - 3.16 - 
P 0.01 - 3.33 - 

P 0.10 - 3.44 - 
V 0.002 - 3.78 - 
V 0.01 4.01 3.99 5.30 

V 0.10 4.11 4.10 4.9 	 103 
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TABLES 16 TO 19 ARE YIJJJD KITSL; 	OBTAI= BY T10(LOR(110) 

(All stresses arc in 104  n.s.i.) 

TABL 17  - ST 	'P' 

T1,pernture 
°C. 

DynaLlic Yi lu .:tress stAtic Yield Stress 
Leper Lovior Upner Lover 

+15 6.61 5.15 3.35 3.74 

-17 8.46 6.58 4.255 4.075 

-70 10.30 8.29 5.69 5.42 

-186 11.65 10.77 13.0 12.66 

TABLE 18  - S=L 'V' 

Temer._,ture 
it C. 

ild Stress Dynamic Y_ S.t,tic Yield Stri's 
Upper Lower Upper Lo,er 

+15 

-17 
-70 
-106 

(G.14 
(7.30 
9.19 
11.20 

1 ,- .58 

(rj.33 
(r.46 
6.65 
0.29 

-.) 17')  7''.... 

4.79 

6.34 
7.10 

14.44 

4.64 

5.15 
5.69 

12.56 

TABL: 19  

DYNALIC UPPER YIElD 	 0.2 5T::. LS '2' 
	$ V.  

AT :IPT=NT RAT;:S 02 STT''SSIFC (+15°C.) 

Steil 
-., Rnt,:' 	of 	tresinf:. 	11-1. (10' 	- ._. 	_., 	_ 	-.. )  

4.93 (-) 	70 c....„,0 l',.6 

P 

v 
6.45 

7.39 

6.92 

7.89 

7.C3 

8.14 



256. 

APPENDIX 'B' 

TIE.; YI:LD POINT PHENOif:NA IN ::ILD :;T EEL AND THEIR  

VARL,TIC.N  

It Ins been noted that in general the body centred cubic 

metals exhibit ,1 sharp yield point, discontinuous yielding, 

and 	delay time for yielding under a constant raridly applied 

stress (22, 5b). :lthough some of the hexagonal close pecked 

metals nay also occasionally exhibit this behaviour, it is 

rarely found in face centred cubic nctalr,. An explanation of 

this may be found in the concept of dislocations being locked 

by "atmospheres" which are caused, for example, by large solute 

atoms in the lattice. 

Cottrell and 7ilby (85) have used this idea to explain 

the upper and levier yield points and also strain ageing, end 

more recently Cottrell (44) has -xplained radiation damage and 

its effect on brittle fracture from a similar viewpoint. 

Various methods have been employed to use the above concepts 

in a quantitative sense and two examples are shown below, 

differing mainly in the simplifying assumptions which are made 

in their derivation. 

1. The Theory of U-mpbell and Duby (86) 

Cottrell and Bilby'c theory /.1s used for the activation 

energy, U, .:and it 	e proposed that yield occurred when the 

density of released dislocations reached a certain critical 

value. Using Yokobr)ri'c (87) approximation for the activation 

energy, Gampbell (04) ou--e&ted that yield would occur at 
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time tl' when:— 

tl  

  

dt = constant, C 	 (B.1) 

 

L 

:lhere the stress _doll ed a rel.rtien 6-= f(t) 

and a-  = tho ricld stress at 0°K. 0 

04.= a dimensionless constant. 

At a constant stress: r!.:te .F3-  this gives 

[ 	 I 

1 
ti  --, 	(3_ + GU C ( c7) )cl- I +4-  

6— 

or 	 7747) 
cryd  = C o [(1 	) C cr.  

	  (3.3) 

  

and the delay time to yield at constant stress 

a—  — 01— 
ta  = C ( 	)   (3.4) 

Campbell compared compared the above theor:: with the results of tests 

et constant strain rate, constant stress, and also impact 

tests. These results gave good agreement with the theory at 

low loading times but were not satisfied at loading times 

greater than one second. These results together with the 

fact that there appears to be a static yield stress, which is 

independent of rate of strain, led Campbell to suggest that 

when the time of loading becomes sufficiently great some other 

mechanism must come into oper tion. Campbell and Duby (86) 
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therefore modified the hypothesis by introducing a strain 

ageing proces7 c ,used by the dif-'usion of c rbon atoms and 

sug,e:,ted that e,uation (B.1) be repl ced by:- 

cl 
exr. 	bt1  ) a-

4 
exp.(bt)dt = c 	 (-2.) 

More 

1/b = i,lean time to relock a dislocation 

c = cc0  - 

By means of this modificatio]-  uite good agreement was obtained 

with t1L experimentil result. 

Campbell and harsh (PC) continued the investigation by 

considering the delay time, td , which they defined _as the time 

elapsing before the ons7t of gross yield measured from the 

time alien the applied stress reched they :A tie yield stress. 

Both the e -Tier for!: of Campbell and aloe that of Kfafft and 

(9) indiested that for rapid loJC,ing the loarithm 

of the d la time varies linearly with the logarithm of the 

applied stress. The experimental results of Campbell and .,-_rsh 

confiraod the validity of t-is relAionship for delay times less 

than 200 mill is eonds. They also confirmed (in the rang 

td 	200 millisc.) th relationship bet;een the applied stress 

. and t,d3  • pro posed by Russell et al. (90) and derived the 

relationship _1 
cs oc(idd3) 	  (B.6) 

   

',There d = mean 	in diameter. 
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2. Hendrickson and Wood's Theory (21) 

This theory employs the model of a yield nucleus presented 

by Vreeland, 'Toad and Clark (91) and also Fisher's 

approximation (92) to the ictivation energy. From this 

basis Hendrickson and food derived a rather complex expression 

for the upper yield stress gas a function of the constant 

applied stress rate, and compared their experimental results 

with this theory and also with that of Campbell. do general 

the experimental points lay between tha two theoretical 

carves. They also developed an expression for the delay time, 
(13.7) 

Mere 

G = Cheer iodulus 

a, B, J/ arc constants 

T.  = Absolute tempe2ature 

It was found that both t;lis euation and Campbell's 

expression for the. delay time gave good agreement with 

experimental results at higher tempertures (+250°F. to -75°F. 

but at very low temperaturesthere %ias sori divergence. 

Experimental Yield tress Values  

The marked effect of temperature upon the yield stress has 

been studied for ooia time ( 93, 94) as has also the effect of 

strain rate (79b, 94, 95 - 98). 	any of the more recent 

tests have combined both effects and investigated the variation 

of the upper and lower yield stress values over a range of 

temperatures (21, 31, 99.-1(1) and also the variation with 

2a G/ y cr e;:p. (B/c-  T ) 
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grain size (102). 1ncreosed emphasi:-; has also been placed 

on the yield delay time (20, 81) and its vari,tion with 

grain size (88, 103'. 

I. 

4 
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APP:11DIX 'C' 

S 

1. Material  

The two steels employed in these investigations were 

chosen from a number of pedigreed steels selected for tasting 

by a research panel of the Admiralty Advisory Committee on 

Structural Steel and detailed propertics are available in the 

reports to this Committee ((i7). Both steels wars obtained 

in the form of 1 in. thick plates. Tlic general descriptions, 

con itions and properties of the t'io staels were as folThas:-

Steel 'P' 

An ordinary mil,: steel,serri-Itilled in, the as rol-led condiilon. 

0.1 8C. 0.54% in. 0.05c/Si. 0.039%. 0.028I). C. 	- • 

0.024Y;Sn. 0.10 Cu. C.070Ar. 0.007,44,  soluble Al. 

. 
Ferrite Grain Size 39 GrJins/In. at x 100. 

1' te Specification: 

I1S/1/ii/NC (See Rel.. (67)). 

Steel P 7' 

A semi-killed, normalised steel. 

Analysis 

0.1177,0. 1.19ALn. 	 < 

Ferrite Grain Size 80 Creinc/in:-  10C. 

Location of Plates: 297/1/ii/IC, 2997/2/11/1C, and 

2997/2/iii/IC (See T'AT:f. (67)). 
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1:Techanical Properties (','tresses in Ton/sq.in.) 

teel Liroction of Yi 1C, 0.1,  Proof 7.1 .::. '„,-,uction 
-, 	-t ,,e tre-s o,_ 	.1. 	a 

P Longitudinal 

Transvese 

14.7 

14.9 

17.5 

7 	.."3 

27.4 

26.5 

54 

53 

V Longitudinal 

Transverse 

16.1 

16.7 

1 6.4 

71.3 

26.7 

26.0 

60 

4' 

flicro:-tructure 

The idierostructures ef the t,;o stoels 	shon in PEtes 9 

4 -n(:1 10. Pl:_tes r(a) and 10(a) sho,7 the minrostlucture 

vieed from on top of the plte 	rction 	in 

whilst 	9(b) and 10(b) sha:i the microstl-ucture of the 

end, of the si.Jecimen 	 ..T] in fig. C.1.). 

2. Typos of 21-lecimen 	.rIU their Preparation.  

The behaviour of these steel in the various standard 

tests revealed a quite strong dependence of the properties 

upon the orientation of the s-17,eciwen in relation to the final 

rolling direction of the ste Because of this, each of the 

pedigreed plates vias marked in many pices to oho'.v therolling 

direction, and great care ,is:_ taken at all staes of the 

various machining operations to remember the exact orimtation 

of the specimen blanks. also - 'lame-cutting opertions were 

reduced to a minimum to avoid any ',Possibility of heat treating 

the fracture zone. Flame-cutting 7;-as only used to reduce the 



MILLIMETRES 

NOTCH-BEND SPECIMEN 
FULL SIZE  

F I G.C.1 

B 
U 

D 

3 i" is" 
r lb 
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HALF STD. DOUBLE 

A I 2 4 

B=C 5 10 20 

D 30 60 120 

R 0125 0.25 0.50 

6; 

Fl G.C.2 

NOTCH-TENSILE 
SPECIMEN 

-I-  SCALE 1 / 2  

14" 

6k." 
eV 

0 

2" 

I; 
-7" 	/17  WHIT. 

STATIC YIELD STRESS SPECIMEN 	 SCALE 1 / 2 

FIG. C.3 

DIMENSIONS OF SPECIMENS EMPLOYED 
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plates to mnnageable proportions and the heat affected cones 

viere either reL.oved by rdnhinin, as in thc,notch—bend 

specimens, or located in unimportant places, such as the 

threaded ends of the yield cross specimens. 

(a) ilotch—Bend 22ecimens  

The dimensions of the three siz,es of notch—bend speciLlen 

are jfiven in pi . C.1. The method of prc,narotion 	s much 

the same in all cases except that three half si!ye specimens 

could be mechinod from the pinta thickness, two stand,,rd size 

spaciL.ens and only one double size specimen. The -portion 

of plate was cut into rough blanks dth a bandsaw and a 

batch of blanks /us then machined to alitly oversize on n 

shaper. The blanks were then cround to the finJ1 dimension on 

all four sides, a tolerance 	0.001 in. being specified. 

A special jig was set up in a mill 'ritlirh both ma chine' iii: :'Ins 

of the specimen and cut the notch in one operation, thus 

ensuring both the accurate location of the notch and ulso 

-tbt there so no virinl - ior o Limanions bat.;een spactidns. 

All burrs ,:are c.., refully removed by hand so th.t there should 

be the minimum of bevellinz. 	a iriportant in enol -J:inE 

the exact location of the speciL:ten on th,: benJin: ji, 	.aso 

th acour to measurement df.-:ecLLen deformatich. 

prof i le roil linty cutters ,iore obtined to cut the various 

notches an:_ the resultant notch de7th 	notch profile were 

checked on a Hilger i.ensuring Projetor. 
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(b) Notch-Tensile Specimens  

In the case of the notch-tensile specimens it was 

considered satisfactory, provided that sufficient care was 

taken, if the profiled edges (see Fig. C.2) were machined on 

a copying shaper. The other two faces were ground to siree and 

the two holes for the loading pins reamed to ensure a pod fit. 

The dimensions of the specimen were intended to follow as 

closely as possible those of the standard Chirpy V-notch specimal. 

Thus the parallel portion was the same length as that of the 

notch-bend specimen as was also the cross-sectional area beneath 

the notch. The notch was cut with the same milling cutter that 

was used for the standard size notch-bend specimens. 

(c) Yield Stress Tests 

The type of specimen employed in the static yield stress' 

tests is shown in Fig. C.3. Despite their length the blanks 

for these specimens were still sawn from the portion of plate 

so that there should be no suspicion that flame-cutting had 

altered the material properties. A copying lathe employing 

a steady was used to turn the specimens down to about 0.005 in. 

oversize and a profiled grinding wheel was then used to obtain 

the final dimensions, two steadies being required 'or this 

operation. Care was taken to ensure that es good as pOssible 

surface finish was obtained. The axiality of the threads with 

the gauge length was checked on the measuring projector to 

ascertain whether any eccentricity of load were possible from 

this cause. The check showed that an eccentricity of loading of 

0.003 in. was possible. 
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APPENDIX 'E' 

INVESTIGATION OF TJLL CIL,Pe,T:RISTICS OF TIE:  

DENISON T=ING  

Using the methods described on p. 71, true to ,d tine 

records were obtained and conper.ed :kith the values inaic•ted 

by the mechanical recorder. The r cord obtained at the 

fastest rate of cross—head movement (i 20 in./Min.), which 

corresponded in the standard test to a rate of loading of 

12,000 lb./sec., is shown in Fig. T.C. A similar record was 

taken z:t the lowest rate of cross—head movement (.t. 1.5 in./min. 

but, since this used the same rate of paper travel as the time 

scale, it is far too long for convenient r e production here. 

The error in the vaue of the mu;:imum load was, however, 

only about 2; and it jCS possible to 7'diet a percentage error 

at a given stage of the test. It did seem thA; the dumping 

applied to the spring system. as somewhat excessive and the 

folloiing investigation was performed. 

(a) Theory  

The final lever and weighing system of this machine is 

shown diegramatically in fig. (1), _xid for the purposes of 

analysis may be represented by the system shown in Fib. 

It is convenient to consider this system to be concentrated on 

the axis  of the main weighing spring. 

The mathematical analysis of such a system is as follows 

(112). 
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Let x = Displacement from the equilibrium position at time t. 

S = Restoring force per unit fdis,.:)1  Icement from the 

equilibrium position. 

C .= Damping force per unit vel ocity (Damping Coefficient). 

Th equation of motion may be written: 

W d2x 	 dx --g 	_ 	sx - C ut 

which may be rewritten 

d2x 	II dx 2  + 2 r ,.—+o2x=0 at dt 

here 2 IA = 

2 (,) 	= S.g.  

  

(D.1)  

  

(D.2)  

   

The solutions to the above equations arc: 

(1) for HeavL Dam2inci_142. LL  

x = Ae(— 
+jA 	IA  2 	(.0 2 	_104 	,j (1.4.  2 

I/  +Be 

= 	+ Be—m2t 	  (D.3) 

where 

= 1-4 -1j4 2  - 

ra2 = 	 c4) 2 	 + 2 = 2 1 

(2) Critical --Darri2incii JA -- 

= (A + 	/At  

 

(D.4) 

  



The periodic time = 

C = (A + B) and D 	)(A - B) 
211  = tp „/(u2_ 12)  

(3) Lizht Dam2ina 	 

p i, 
x 	e 	t of cos. Air(02  -I-A 2)t 	B sin. ,./(W2  

Where 

2m ) (c. . Periodic time of undamped vibrations, tp 

The r; do of successive amplitudes is e t 	4 

or 
a1 	 iA   (D.7) log.e 	= tp - 2 2 

1/(cd 	) 

(b) experimental Determination of the' 1;amping Constants  

The dashpot was disconnected from the system but since 

some viscous damping, due to windage, vies still present the 

system could still be rpresented by Fig. (D.2). The constant 

speed paper drive system was set up on the recorder and the 

lever given a displacement. 	i th the paper running at constant 

speed the lever was released and the pen traced out a record 

of the type shown in Fig. (D.3). 

records of tilis type tae= natural frequency was 

determined to be 3.081 c/s 

i.e. 	tp = C.-1246 sec. 

also the ratio of successive amplitudes was found to be 1.185. 
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Hence from equation (D.7) 

log._ 1.135 = .3246 

/4  = .5234 	0. • ▪ • 	 rad./s 

Also from equation (D.6) 

tp = .3246 - 	 

(w2  - .274) = 19.36 • • • 

• • W = 19.35 

(i.e. virtually no change from the undamped frequency) 

The dashpot vies now reconnectsd and a similar test 'ins 

carried out. In this case instantaneous release CIS most 

imflortant, enf, this W32 achieved by tying the lever back •;ith 

a thread to give the initial displacement and burning the 

-thread to release the lever. Records of a type similar to 

those shown in Fig. (D.4a) vrere obtain.,d. It is seen that 

this is heavz camping ind equation (2.3) ,;ill apply. 

x = 	+ 

No.; as 	be seen later, in2> m1  and as soon as t becomes at 

all large e-mgt  -1°-  0 

Hence after point P say 

x Ae-m2t  

Consider any tao points 1 end 2 on the curve after P 

Ae-m1t1  xi  = 

x2  = Ae-m1t2 

• xi/x2  = e-m1(t1 - t2) 

Thus by measuring x1  and x2, ti  C t2 (taking an arbitrary 



origin at P) the value of mI could be calculated. Thus since 

u3 is unchanged the value of& may be calculated from 

= 	tof( i4  2 _ 4)2 )  

The value of/A was found to be approxil. ately 45. 

For critical damping we recuire 

= w= 19.4 

The existing piston of diameter 1.113 in. was replaced by 

a piston of 1.108 in. diameter and similar tests were crried 

out giving)A = 22 rad./sec. 	The 13g. (li.4b) 

A further 0.001 in. was rc::.oved from th:: new picton and 

the tests repeated once more. It was obvious Troia the record 

(Fig. (D.40)) that the damping was just less than critical 

and the recorder response could be improved no more without 

the danger of over—shoot. 
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SPRING SYSTEM IN THE DENISON MACHINE 

VIBRATIONS OBTAINED 

FIG. D. 3 	 WITHOUT THE DASHPOT 



PEN DISPLACEMENT TIME CURVES 

FIG. D.4 
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TIME 	I IN. =- 1 /100  SEC. 
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APPENDIX 'E' 

AN ESTIMATION OF THE ELL ;TIC STRESSES AND STRESS RATES  

AT THE NOTCH ROOTS OF THE SPECIMENS "TESTED  

1. Notch-Bend Specimens  

The nominal bending stress at the root of the notch is:- 

PL 
rib = 

where P = Applied load (lb.) 

L = Distance between specimen supports 

Z'= Section modulus of the notched cross-section. 

Therefore, if k is the elastic stress concentration factor, 

the true elastic stress gat the notch root is given by:- 

o-  = ko- nb 
kPL 

4Z' 

 

( E .1 ) 

  

There is some doubt as to the value of k for the V-notch in 

question and estimates as high as 5.5 have been made, but the 

value of 3.71 which vies calculated for the Izod notch by 

Hendrickson, Wood and Clerk (23) will be used. 

Substituting the various specimen dimensions in equation (E.1) 

gives:- 

For the Standard Size Specimens o"-= 224.4P p.s.i. 

Similarly the rate of elastic stressing at the root of the 

notch' is given by 

= 224.4 I)  p.s.i./sec. 

where P is the rate of applied loading (1b./sec.). 

For the Half-size Specimens 	= 8.97.6 P p.s.i. 

For the Double-size Specimens 0-  = 56.1 P p.s.i. 
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The measured ;Sates of loadinT ene the resultant estimated 

rates of stressing are shovin below. 

(a) Tests  on Size—:effect in Slow Notch—Bend Tests 
. . 

Half size: P = 230 lb./sec. c- = 2.02 x 105 p.s.i./sec. 

Standard size: P = 900 lb./sec. i.75.„ 2.02 x 105  p.s.i./sec. 

Double size: P = 4010 lb./sec. o-= 2.25 x 105 p.r:.i./sec. 

(b) Tests on the Effect of 'train—Rate in Standard Size Notch—
Bend Tests 

. 
Slow notcL—bend: 	P = 900 lb./sec. &.= 2.02 x 10 p.s.i./sec. 

Fast notch—bend: 	P = 12,000 lb./ec. a-= 2.70 x 106p.s.i./sec. 

ImpDct notch—bend: 6- _.- 1 .7 X 109  p..i./sec. (see belo) 

It is extremely difficult to estimate the stress fate at 

the notch root because, as is ,Dointed out in Section 5, the 

load rouges indicate the strain in the striker nose and, nrt 

necessarily the load applied to the specimen. i,lso the 

complEx stress .:;ave ;fficts within the specimen itself produce 

system which is very difieult to analyse. Although an 

estimation of the stress rate fro:_ external conditions may be 

grossly mil leading thereis,ot present, no Ilterlative. 

Hollomon (105) used the impact velocity together :fith an 

elastic analysis connectingcury turo of th beam and the 

strain at the outer fibres an,1 obt'Ancd on elastic strain rate 

at the notch root of 600/sec. (This value of 600 = 102'8/sec. 

gave rise to the freuently quoted value of 103/sec.). Since 

this analysis does not, hov;ever, take into coennt any specimen 

indentation it would seem more reasonable to take the ratios 
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of the notch root stresses in the iinpuct and fast notch-bend 

tests to be in the same ratio as their striker velocities. 

This Elves 8 = 1.7 x 109 p.s.1./sec. 

2. .:Totch-Tnsile .'Thecimens  

The nominal elastic tensile stress at the notched cross-

section is:- 

o-ot = 	p.2.1. n 

where: P = Applied load (lb.) 

A = Cross-sectional areo at the notched section (in.2 ). 

Thus the true elastic stress at the root of the notch is 

1  07  = ko- nt - .P 	  (E.2) 

The notches employed in the notch-tensile specimens 

identical in profile and depth with the standard Chirpy V-notch, 

1-1,:t it will be assumed thf.t the stress concentration fcictor is 

also the s,:Ame. SubstitutinL; the specimen dimonsions in 

equation (r 2) gives:- 

6-  . 29.92 

The met.isurcd r,tc of loading was P = 6,500.  lb. /sec. 
• 5 -, - 	4 

ln.4 eUOPIre 	 1 U r .1./00. 
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APPENDIX 'F' 

CALIBRATION ROUTINE FOR TH2 INSTRITIZ-NT:D =ACT TaiT  
(Cee Pi:. 20) 

(1) The external Y—shift voltage supply was connected 

to amplifier No. 2 and the amplifier gain set at 10. The 

deflection calibration visa then performed using the external 

Y—shift to traverse spot No. 1 (zero brightness on spot No. 2). 

(2) The oscilloscope Y—plate input was sitched from 

amplifier No. 2 to the oscillator and the brightness increased 

on spot NG. 2 and extinguished on spot No. 1. The time—base 

calibration was then performed. 

(3) The oscillator was replaced by amplifier No. 2 

once more, this time switching the amplifier input from the 

external shift to the load—toll. The amplifier gain was 

increased to 250. 

Amplifier No. 1 was then disconnected and the time—base 

was connected to X1, as well as X2 the course setting on the 

time—base being adjusted to give a slow traverse across the 

screen. This traverse was used in conjunction .with the built—

in calibration resistors in the load cell bridge to give a 

load calibration for each spot in turn— 

(4) The coarse time—base setting was returned to its 

operational position and amplifier No. 1 reconnected to X1, in 

place of the time—base. The brightness of the two spots vise 

then reduced to zero until the next test was ready. 
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Corrections for Friction and ..:indaf;e Losses in the Notched  
Impact Test. 

Let the initial position of the pendulum be the point 1 

and let 2, 3 and 4 be the positions of the penaulum at the 

end of each swing. 

If the energy lost in swinging from 1 to 2.is Li  

then 	II 	 II 	 II 	
" 	1 to P ,,,: N-  

II 

 

2 to 4 is - 2  and if 	II 	ti 	il 	u 	tt 

then 	n 	II 	I, 	II 	,i 	2 to P 	-1'7  
7 1'2 

Thus the total energy lost in swinging from 1 to 2=CIE 1-13 ) - 1 'A 2 

Initially the pencil leads were removed and the deflection 

contacts held back. The pendulum vise released from its 

maximum position :aid allowed to swing freely, the friction 

pointer being continually reset to allow the points of swing 
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through, such as 2, 4, 6 etc., to be rend and recorded. Thus 

the value of El  could be determined from the initial 

and by plotting the points of swing through against the number 

of swings the value of 17.2 could be calculated for any given 

finnl angle. 

The losses due to friction of the contacts on the carbon 

strips and to energy absorbed in breaking the uencil 

was determined by releasing the pendulum from 1 an-

recording the3 final angle. The differenc:. b,:teen the 

indicated energy absorbed and I gave T. 

The results obtained were as follows: 

, = 0.35 kg-m- 

3' 41J2  = 0.16 to 0.37 kg.m. 

EF  = 0.13 kg.m. 
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APPENDIX 'G'  

FURTHER DETAILS OF TEL STATIC YIELD STRESS T":._ 

1. The Triple Fatensometer Unit  

This unit was designed to measure the extensi no on three 

4 in. gauge lengths set at 120°  to each other around the 

circumference of the specimen. It was capable of performing 

this with the entire gauge length immersed in a tempor-ture 

bath. A single extensometer is shown in Fdg. G.1. As shown 

this has, of course, no means of support, but 'then all three 

units were fixed together the clamPing force of the springs 

held the unit firmly in place. The locating pin P ensured 

that the Vec knife—edge carried by the top part A and the 

strai ht knife—edge carried by the bottom part B were initially 

4 in. apart. The three gauge lengths ,acre checked Jith a 

travelling microscope and °Iliad to be :accurate •iithir ± 0.001 in 

A mirror was carried on the accurately ground roller R which 

separ , ted the end blocks of A and D. Once the extensoneter 

vies set up the locating pin could be removed. Any extension 

of the gauge length cused relative motien between A f3nd B, 

thus rotating the mirror. The change in temperature between 

the room temperature when the unit 'vas assembled and the 

testing temperature caused a differential expansion (or 

contraction) between the two parts. Those harts of A 

and B above the liquid level suffered the same amount of 

expansion, but the :are Lor immersed length of steel tube 

in part A caused part A to expand more. The whole of any 



MIRROR 
ROLLER 
0.150 IN. DIA,7- 

4 IN. G.L. 

)(t 	1 , ]ension = 	k 7 7 
co where d = 

D 	i„irror — .,cult 
S = 	'.?e!Idinr 

FULL SIZE 

ONE UNIT OF THE TRIPLE MIRROR—EXTENSOMETER 
	 0 
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one test, hoi:ever, was carried out at a constant temperYture 

and thus the only effect of the differential expansion was 

(1) a slight change in gauge length (less than 0.17 for 100°C.) 

uhich had a negligible effect, and (2) the necessity for a 

zero adjustment of the mirrors before the test started, which 

was usually necessary in any case. The entire unit was made 

as light es possible, the end blocks being mode of duralmin 

connected by thin stainless steel tubes. The Imife edges, 

however, were made of hardened steel. 

To assemble the unit the t. ,,-/o parts of each extensweeter 

e'er° clamped together temporarily erith the locating pins in 

place. 3-peciel spacers were employed to set the exteneometers 

in piece around the e -eecimen end then the nine springs '.sere 

clipped over dowels on the end bloci:a of the extenscasters. 

c 	ps .and 0,73cani could teen be removed end the mirror 

rollers end idler roriers carefully slipped into place. The 

assembly is shown in Flute (11). Also shown in this photograph 

ie r.) 	vice /Lich enlJled 	unit to b rct at ed. through 

any desired 	The tic) 	its of each extensometer were 

clamped top:ether as before, 	small tool—maker's clemcs 

and the crecteeted tiE3k3 lowered on to tiler,. Slots had cin 

mile d in the 	crside of th,: 	c and the tops of the 

:,xtenL:ometo 	2;er 	din:7; fit in thin, slot a. Thus 

rot Mind the disc rotated all three extensometers at the same 

time, the opth of t e slot ensuring thet there ,.•eis nc t eLsting 
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of the extensometers during rotation. By this means the 

position of the unit could be set to within ± 2°. When not 

in use the disc screwed on to the upper part of the specimen 

as shown. 

Three telescopes and scales were used to measure the 

rotation of the mirrors and hence the extension on each of 

the three gauge lengths. For small angles of rotation the 

extensions could be messured to an eccuracy of 10-5  in. The 

method of calcula -Lon is shown in Firs . G.1. 
4 

2. i,orrison's neteod to Determine the Plane of Maximum  
:3 -train (lar 

Let AB be a diameter of the specimen (Pic,. 0.2) such that 

A is the positice,  of the minimum strain and B that of the 

Ta-,ximm. Let 	d B be the positions of the three 
- extcnsometers, set mutually at 1200  , and let the measured 

strains at these points be x, (x + Y1) and (x + y2 ) 

respectively. The triangle 111Q shows the distribution of strain 

across the spa cimen. 

The averag-e strain is 1/3(3x + yi  + y2 ) or x + 1/3(y, 

and the maximum strain will be x + 1/3(y1  + y2 ) + h. 

Where h is the height NQ us shown. 

h _ Yl Y2 
TAT - LT1 = 

and LP = V sin. 0 

LO . V sin. 8 + V sin.(60 	g) . 1/2 V sin. G + 3/2 Vccn. g 

LIN = 2V 

Y 2 ) 

But 
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MORRISON'S METHOD FOR 
MAXIMUM STRAIN 

FIG. G.2 

STRAIN 

WARNOCK & BRENNAN'S CONSTRUCTION 

FIG. G.3 
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cosec. g --(G.1 

cot. g 

 

(C.2 

  

Therefore h = L-15 y2  = 	(1/sin.. i4) y2  

. A- y2  cocoa. 	= l'OY2 

Yi 	LO 	V sin. Q+ 2 	V cos. (4 	1 +  
Y2 	- 	C sin. g 	= 	4-  7 

Using the transformation 1 + cot.26 = cosec.2. equation (G.2) 

may be rearranged to civer3y2  cosec. g = 2(y? 1 - Y1Y2 

combining -with equation (G.1)gives:- 

1 	2 2 2 
= 	- Y1:12 + y2)-  

Also 

• 
• • 1:laximum strain = Average strain = 7-‘271 Y1Y2 Y2/-  

2/  2 	2N, 

3. '-'mock and Erennan's Constl-uction for the Theoretical.  
U'.er Yield Point clO7) 

:hilst the layer yield point of mi1C', steels is in .:sneral 

.un'iffected by the shape of specimen the upper yield point is 

recyirded 95 an experimental phenomenon. If the stress 

onneentratien due to the shape of the s7)ecimen cr to the 

eccentricity of loo dine is just greater than that due to local 

yieldinr:, then the upper yield point will vanish and the stress 

at the limit of proportionality will be equal to or lesti than 

the loYler yield stress. 

2i. G.3 has beenexaaerated to ill 	r 	w 

	

_lust:_ 	the st:Ps in 

the deformation of a mild steel in tension up to the end of 

plastic yield. The rate of loadini7 is assumed to be so slow 

thet there is no speed effect. 

The graph EABC represents the ordinary tensile test in 

which little precaution 	been taken to ensure axiality. 
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Prom A to E elostic deformation only takes -4oce. At A, the 

limit of proportionality in this case, local yielding 

commences end produces a condition equivalent to a stress 

concentration at the yielded portion. At I3general plastic 

yielding commences and continuos to C. By reducing the 

stress concentration due to the specimen shape etc. the 

stress—strain curve may be raised to some point F, or with 

great care still further t. G. 	and G the maximum stress 

in the specimen has reached a value sufficient to comrhence 

the :copagetion of yield 	the gauge length, end the 

external stress falls rapidly to 3 where general yield r:Loy 

be said to commence. 

The ideal situation with nc stress concentration at all 

is shown by the straight line :AD. At A, the theoretical 

limit of upper yield -tree uniform stress in the specimen has the 

same value as the maximum stress aue to the tress 

concentrations at points 2, G and E. 
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