
Page l.. 

IOAN DRAGAN 

Leoturer at the Politechnical Institute of Cluj Rumania 

Visiting Research Fellow 1963/64 sponsored by British Comcil 

AN INVESTIGATION OF THE HOT TORSION TEST 

USED IN STUDIES OF HOT WORKABILITY 

Work carried out in the Department of Metallurgy 

at Birmingham College of Advanced Technology in 196), 

and submitted for the M,Se Degree of 

The University of Aston in Birmingham, in 1966



ib. 

THE UNIVERSITY 
OF ASTON IN 
BiRMINGHAM, — 

ages LIBRARY 

| 10 MAY 1967 
THESIS 

    

(22 

  

  626 “173g! |     

Teoh hte



Page 2. 

ACKNOWLEDGEMENTS 

Thanks are due to British Council, Rumanian Ministry of 

Education and Professor Domsa Alexandru, Rector of the Politechnical 

Institute of Cluj who gave me the opportunity of going to England 

and specialising in my profession in the Department of Metallurgy of 

Birmingham College of Advanced Technology, I heartily thank 

Professor I.G,. Slater, Head of Department who very kindly provided 

facilities for studying and working in laboratories, and who generously 

showed interest and encouragement for my work, I greatly thank 

Mr. K.A, Reynolds who as supervisor helped me in many ways all the 

time of my stay in England, and who by useful discussions contributed 

largely to a fruitful experience and to support it in the best and 

happiest way. I wish to record thanks also to Mr. Re Lyndon for help in 

making the testing machine; Mr. H, Martin for help in manufacturing the 

heating equipment; Mr. J. Fuggle for the microanalysis studies; 

Mr. N. Shirley for photographic services; secretaries for kindly help 

in many things and typing this work; and all members of the department 

who in one way or another contributed to a pleasant time at the 

College and generally in England, 

I also thank Roud Oak Steelworks who provided the necessary cast 

steel for experiments; Walter Somers Limited forge where some of the 

experimental material was forged, and The British Cast Iron Research 

Association for providing spheroidal graphite cast iron. 

The way I was helped in the Department, and the visits I made in 

England will cause me to remember with great pleasure the College of 

Advanced Technology, and those members of the College with whom I came 

into contact, during the time I spent in England,



Page 3. 

SUMMARY 

The use of as-cast and wrought metals for the manufacture of 

various shapes by forging requires a knowledge of the ductility of 

metals and alloys at high temperatures. <A review of literature 

reveals that each type of test used for hot workability measurement 

has some characteristic that usually gives different results than 

those obtained by using one of the other tests. For this reason, to 

enable a better assessment of the hot workability of materials to be 

made, a correction formula is proposed. Hot workability measurement 

by means of the torsion test is of considerable interest and the main 

factors which characterise this type of testing are discussed in 

detail, 

It was found thet the axial force which appears during twisting is 

closely connected with deformation behaviour and is not significantly 

affected by fibre structure or crystal lattice. Compressive force 

is suggested to be due to grain deformation and tensile force to 

grain boundary sliding. These phenomena can be connected by a formula 

which allows axial force in the t-xsion test to be used for studying a 

material's behaviour from the point of view of grain »oundary sliding 

in a very easy wey. Phase transformations ond recrystallisgtion may 

also be studied by measuring the variation of axial force with time at 

various temperatures. 

It was also found that the generally accepted plasticity 

equations cannot be used in a simple way for studying tue axial 

stress distribution across the specimen cross section, on account
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of the factors which give rise to the force. A formule is 

proposed for taking account of the influence of axial force on 

the hot ductility measurement by torsion test, thus allowing 

a better comparison between the ductilities of various metals 

and alloys to be made, 

Studies of the manner of fracture revealed that cracks 

which first form within the specimen at elevated temperature 

in the steels used originated at inclusions along the fibre 

structure, Although axial tensile stresses markedly influence 

the appearance of these crfies they are not the main cause. 

Factors connected with specimen dimensions which mary effect 

the ductility were also studied, and revealed that specimen 

diameter seems to affect the ductility more than its length. 

Experiments on as-cast mild steel showed thot different 

results are obtained on specimens taken from different parts 

of the ingot and that wrought material has generally better 

ductility than cast, 

Nodular cast iron has some ductility and can be deformed 

in the temperature range of 850 = 1000°¢ in the cast state, and 

720 = 1020°¢ after annealing, Buctility was slightly less than 

half that of specimens cut from mild steel ingots.
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AN INVESTIGATION OF THE HOT TORSION TEST 

USED IN STUDIES OF HOT WORKABILITY 

CHAPTER 1 

INTRODUCTION 

Many components have a form such that they are best manufactured 

either by forging or by casting. It is often difficult to decide which 

method to use for making a particular item and it is not ususual to 

find similar engineering components forged by one manufacturer and 

cast by another, Casting is usually more economical than forging but 

substitution of a casting for a forging is sometimes limited by the 

mechanical properties which are required since the mechanical properties 

of wrought materials are usually better than of cast ones (1,2). 

The significance of the above statement may be better realised 

by considering not just a specimen cut from one of the sound regions 

of an item but by taking the entire piece as a specimen, For instance, © 

if a casting hes the shape shown in Fig. 1.1 and specimens from 

3 sides have a tensile strength of 48 Mea and from one side of 

1.0 kee /nmn (which may contain porosity or other defects) it may be 

stated that the strength of the material is 8 so fbn® but the 

strength of the whole piece is only 40 be Ana Supposing that such a 

piece were to be forged from the same material and the strength 

thereby increased to 50 ke/un® on all sides; it could be concluded 

that the strength of the material increased by about 4% but the strength 

of the niece by 25%, These aspects are more significant for 

components manufactured from steels and other alloys which cannot be 

cast easily without developing wmsoundness,.
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Fig. 11 Piece in the form of frame. 
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The above example illustrates the tendency for components to 

be manufactured by deformation. For complicated shepes however 

much time and energy is required in preparing 2 senifinished 

product prior to the final shaping operation. The quantity of the 

material which is lost by flash in the final stage also depends 

on the way the semifinished product is produced and this may 

appreciably affect the cost of the forging. Using casting for the 

production of semifinished products followed by forging as a final 

operation could produce some items with better mechanical properties, 

surface quality and higher dimensional accuracy then by casting 

alone and cheaper than by forging alone. Balahanov (3) and Lane a) 

showed some interest in using this combin.d method, The latter 

showed that materiel and time may be saved with such a technique 

but very few data have as yet been established. 

For the development of this type of processing it is necessary 

to now the hot working characteristics of a materiel both in the 

as~cast and wrought conditions. 

One of the author's main interests is the study of some of the 

deformation problems associated vith cast pre-forms. Experimental 

work on a few materials has already been carried out at the Politechnical 

Institute of Cluj from where he was supported as an exchenge 

Fellowship by the British Council and Rumanian Educational Ministry 

during the period October 1963 - October 196), During the 

Fellowship, held. et the Birmingham College of Advanced Technology, his’ 

interest was followed up by the work described in this thesise 

Work at Birmingham was in progress to study the hot workability of 

metals and had reached the stage where a hot torsion testing machine
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was to be built. This test has already been used by several workers 

to study metallurgical variables involved in metal deformation 

at high temperatures, but the test itself was not well understood, 

Accordingly the present programme of working was undertaken with 

the objects of: 

(1) 

(2) 

(3) 

(4) 

Constructing a hot torsion testing machine in which 

compression and tension could be superimposed on 

torsion, so that the nature of the deformation might 

be explained, 

Studying some problems associated with the torsion 

test such as axial force appearance during twisting and 

its effect on hot workability measurement, the nature of 

the fracture of the specimens and the effect of 

Specimen size and geometry. 

Using the hot torsion test to study the effect of 

prior deformation on the hot workability of cast metals. 

Using the hot torsion test to determine the hot 

workability of spheroidal graphite cast iron (which 

could be considered a possible material for cast pre-forms). 

Accordingly, this thesis begins with a survey of methods for 

assessing hot workability in which the reasons for selecting 

the hot torsion test are discussed and then continues by 

describing the experimental work carried out during the year
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196) when the aspeots listed overleaf were studied.
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HOT | ORKABILITY AND HOT \ORKABILITY TESTING. 

Chapter 2. INTRODUCTION. 

Zele 

Before sterting to discuss methods for hot workability 

measurement it is appropriate to deal with some general aspects 

connected with this formef testing. 

Henning and Boulger (5) said that pure metals having 

F.C.C.,y BC.C. or HC.P. structures generally exhibit decreasing 

workability in this order. But when they are alloyed, the 

classical division is not so distinct because so many new 

factors apoear such as composition, number of phases and grain 

size. Although workability usually increases with rise in 

temperature, they gave eight distinct workability behaviours 

exhibited by various slloy systems such as in Fig. 2el.- Pure 

metals and single phase alloys exhibit increasing workability 

with increasing temperature (type 1). However, grain growth 

causes a reduction in workability at high temperature (type 1). 

Alloys containing elements which form insoluble compounds exhibit 

fracture at forging temperature (type 111) but if those compounds 

dissolve with rise in temperature an improvement in workability 

will occur too (type 1V). Alloys undergoing phase transformations 

generally change their workability when the phase change occurs 

(type V -Vlll). However they also remarked that above the 

recrystallisation temperature workability is effected by 

strain rate. Indeed, metal deformation at temperatures 

where work hardening recovery #r recrystalization, grain
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boundary sliding etc. proceed simultaneously and where 

deformation is affected by strain rate in different ways 

is a very complicated phenomenon. Therefore, it is not 

easy to take all these factors into consideration and give a 

complete end clear definition for hot workability. It can 

only be defined that "hot workebility is the capacity of metals 

and alloys for supporting permanent deformation at high 

temperature under various conditions of stress and strain rate". 

In the above definition the terms "high temperature" and 

"hot workability" have been used, and it is necessary to qualify 

these statements by further definitionsthat a metal or alloy is 

hot worked if examined at room temperature after deformation it 

shows no work hardening (i.e. it is fully annealed). 

We know that for many metals and alloys recovery 

commences at about @.3T2m and recrystallization at about 

0.47. ( T being the melting temperature in degrees Kelvin) 

(6). We also know that for some metals recrystallization 

occurs at the same time aS recoverye Both recovery and 

recrystallizetion commence at lower temperature if the degree 

of deformation rises, as shown in Fige 2.2. (7) . Because 

recovery and recrystallization require a certain time for 

completion, in defining hot working range it is necessary to 

take account of the rate of cooling after deformation as well 

as the rate of deformation. If the speed of cooling is slow 

the lower limit of temperature range for hot working may be 

lower than if the speed of cooling is greater. Fa this 

reason there is no absolute temperature range over which a
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metal or alloy can be hot worked but it can be defined as a 

function of the way recovery and reorystallization occur. 

On this basis Kirk (8) used the following definitions: 

- Hot working range is where after deformation the 

specimen is fully annealed. 

~ Cold range is where after deformation the 

specimen is work hardened and no restoration occurs or is 

so small that it can be weeiedtes 

~ Intermediate range where the specimen after 

deformation is only partially restored. 

Later Gubkin (6) arrived at almost the same 

conclusions thet hot working range is usually over 0.7Tn, 

cold working under 0,3fm and intermediate range between 

these two, 

From the point of view of hot workability, interest 

centres on the dynamic balance between work hardening, recovery 

and recrystallization. Dynamic restoration for a particular 

material depends first on temperature and second on the degree 

of deformation. The degree of work hardening, for a given 

material and temperature is dependent on strain rate. Strain 

rate also affects not only work hardening but also the 

temperature rise within the specimen, grain boundary sliding 

etc, There are still many unsolved problems associated with 

these effects during deformation at Hain temperatures, 

If it is not easy to give a complete definition for 

hot vorkability then it is much more difficult to mecsure it. 

Several tests have been proposed and used by different
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investigators, each claiming some degree of success in the 

application of data to plant problems, the main forms of 

testing being the following: 

1) Tensile test which measures the hot workability 

(and the ductility in general) by ratio AF 48 etc. (where 

?, is initiel length, Ao initial area, Ae total 

elongation, and 14 total reduction in area). 

2) Comoression test which measures the hot workability 

by ratio ah , At etc. (where ho is initial height of the 
Ae 

specimen, A, initial area, if area after deforming, Ah 

reduction in height). 

3) Torsion test which measures the hot workability by 

the number of revolutions to failure of the specimen. 

4) Impact bending which measures indirectly the 

ductility by the energy necessary to break the specimen 

or by the degree of bending before fracture. 

With such a wide range of tests, it is difficult to 

decide which is best for hot workability measurement and to 

discover whether there exists any connection between their results. 

If we consider that one perticular parameter will be used for hot 

workability measurement for a material, fer some condition of 

testing, where hot workability A ithoa seas to x units 

Ni 
ani compare this value with ~% (from tensile test), 

Ae 

with “Y/4,, (from compression test), with the number of 

revolutions to failure ym (from torsion test) with the 

energy required to failure k (by impact bending) etc. they 

may be equated using coefficients in the form: -



Page 13. 

tt
 . Pe ae Cc» le 

MeN} he Ca : bY 

It would seem that the coeficients used will not have 

the same values for all conditions of testing, and the best 

method for hot workability measurement would be that which 

maintains its coefficient as constant as possible by varying 

one psrameter of deformation. But without a value or units 

in which to measure it is not possible to make this comparison. 

However, it is possible to discover whether there is a change 

in the manner of deformation by maintaining conditions as 

constant as possible and verying one vector at a time. For 

a better appreciation of this aspect it is necessary to review 

the work already carried out on hot workability tests. 

Qele 
REVIEW OF LITERATURE 
  

Most of the investigations carried out deal with two 

main problems: 

1) The effect of strain rate and temperature on the 

re :istance to deformation. 

2) The effect of strain rate and temperature on the 

hot ductility. 

Each will be discussed in the light of the different 

tests used. 

Belele 

Tensile Test 

Martin (9) was one of the earliest investigators of a
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materials behaviour at high temperatures using the tensile 

test. Using aluminium he observed that the ductility 

increased and the strength decreased somewhat up to 325°C, 

then above this, a marked increase in ductility occurred. 

He attributed this increase to a sudden rise in the rate 

of recrystallization. He found some differences in bel &viour 

at high temperatures between previously cold-worked material 

and fully annealed. For cold worked material the resistance 

to deformation was greater ami the ductility less than for 

fully annealed. The differences lessened when the temperature 

was increased, more for strength and less for ductility  ige2.3) 

He studied also the influence of strain rate (using the terms 

"slow" and "Fast") on t he resistance to deformation and 

ductility. 

Portevin and Bastien ( 10) who used various types 

of test for hot workability carried out tensile tests on 

light alloys end measured the elongation, reduction in area 

and the energy required for fracture. The variation of these 

parameters against temperature for two mterials is shown in 

Vige 2.4, from which it can be seen that although the elongation 

reduction in area and the energy required for fracture sppear to 

vary in different ways they have maxima at about the same 

temperature, for an Al-3%@ alloy. This does not happen in 

A1-6% lig where the energy required for deformation showed no 

change at temperatures where an increase in ductility -ocourred 

Clark and Datwyler (11) using both slow and impact
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tensile test at room temperature determined force/ elongation 

curves for a number of metals and alloys. They observed that 

strain rate affects yield stress, maximim stress, elongation, 

reduction in srea and the energy required for fracture, but 

not all in the same way. Using the ratio of dynamic average 

to static average values they noticed a variation over wide 

limits for different materials. From table 2.1 it can be 

seen that this ratio is higher for yield stress and for 

maximum stress for all materials The ratios for 

elongation, reduction in area end the energy required 

fer . fracture differ from metal to mtal in the proportion 

of sbout 362 tor elongation, 4-7 for reduction in area and 

4.7 for energy to fracture. (This difference is mich smaller 

for yield stress( about 1.6)and for maximum stress (about 138), 

However, there is clearly some connection between the variation 

of ratios of elongation, reduction in area and the energy to 

fracture which has a value apyroaching either elongation ratio 

or reduction in area ratio. 

Menn (12) studied the strain rate influence on the 

energy required for impact tensile fracture, measuring at the 

same time the elongation end reduction in area. The experiments 

were made at room temperature but he used more values for strain 

rate than the two reported by Clark and Datwylere Making tests 

on rolled manganese and silicon bronze he observed that at a 

certain value of strain rate a steep fall in energy occurred 

which was not the same for both materials (Fig. 2.5a). It is
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significant that at the point where a drop in energy occurred an 

increase in elongation and reduction in area takes place (Pigs2.5b). 

He called this point "transition velocity". Alteration of the 

condition of the material causes the transition velocity to 

change its position (Fig.2.6a). Changing the specimen size 

produced no chenge in transition velocity (Figs 2.6b). From 

these results he concluded: - 

1) For each metal amd alloy there is e transition 

velocity where the energy required for rupture falls, which 

does not depend on specimen size but only on the comition of 

the material. 

2) When the energy drops the elongation end reduction 

in area usually increasee 

McGregor (13) analysed data obtained by many 

investigators and showed that the effect of strain rate 

on the resistance to deformation obeys a logarithmic law 

of the form: 

2e2e 

4 w6 +8 lees (2.2) 
dL 2 vy 

where § is the resistance to deformation for a speed V 

§ is the resistance todeformation for a speed vy 

55 is constant. 

In his analyses he also used results obtained at 

low temperatures 

Manjoine and Nadai (14,15) using a high speed 

testing machine carried out experiments on copper, aluminium
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and steel to determine the influence of the temperature and 

strain rate on the resistance to deformation. Their results 

are summarised in Fig. 2.7. They also show the fractures of 

specimens broken under various conditions of testing. From 

their results it is important to notice the following: 

1) Strain rate has a smaller effect on resistance to 

deformation at lower temperatures then at higher t empcratures- 

For a strain rate of 1000/sec the resistance of aluminium at 

600°C, of copper at 1000°C and of steel at 1200°C, is between 

1/3 and 1/4 of their respective values at room temperature. 

On this basis it would be anticipated that by increasing the 

strain rate further the resistance to deformation at elevated 

temperatures could approach values at room temperatures, 

provided no restoration had time to occur. 

2) Strain rate has a smaller effect on the 

elongation at lower temperatures than at higher temperatures. 

For instance the elongation of copper at 500°C is about the 

same for the three speeds (135, 450 ani 900/sec *). At 800°C 

the elongation is about the same for 135 and 450/ sec but 

much smaller for 900/ sec - The elongation of aluminium at 

600°C deformed with a strain rate of 1000/ sec is greater 

than when deformed with a strein rate of 8.5 10 sec 

It is apparent that while the resistance to deformation 

is affected by strein rate in about the same manner for all materials, 

the deformation process is different for those metals. Furthermore, 

the elongation is not a lin@ar variation with strain rate since, with
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copper no change in elongation occurred passing from 135 to 

450/sec (at 600 and 800°C) but from 450 to 900/sec the 

elongation fell steeply. 

Greenwood, Miller and Suiter (16) making tests 

on copper and brass at temperatures up to 600°C using strain 

rates of 0.2, 40 and 1000#%hour observed that by increasing 

the strain rate the ductility increased as shown in Fig. 2.8 

Intergranular cavities were observed after deformation at high 

temperatures, their extent increasing with rise in temperature 

and decreasing at high strain rates. 

Nordheim, King and Grant (17) investigated the 

influence of strain rate on the hot ductility end fracture 

characteristics of three irons with low carbon cmtent and 

various levels of phosphorus and oxygene Using strain rates 

of between 0.001 to 50% ec the variation of elongation and 

reduction in area for two irons are shown in Figs 29. No 

marked difference in ductility occurred with Signer iron at 

1600 and 2200°F but at 1800°F the ductility wes smaller for 

strain rates of 0,001 and 50%/sec and greater at 0.1% 

They also studied microstructures am found that for specimens 

deformed at 1800°F with low strain rates the fracture was 

intergranular, for intermediate rates transgranuler and for 

high rates transgranular, although some intergranular cracks 

were observed near the fracture. They arrived at the 

following conclusions : 

1) Up to 0.09% phosphorus has no effect on 

ductility ani fracture characteristics;
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2) Strain rate has very little effect on 

ductility in the range of temperature which was studied 

except at 1800°F where it was slightly reduced. 

Castro and Poussardin( 16) investigated the 

effect of strain rate on the ductility of some steels. Their 

results for a mild steel deformed with a strain rate of 5/sec 

and 400/sec are shown inkige 2.10. It will be seen that 

the ductility at 400/ sec is higher up to 1200°¢ than for 

5/sec and above this temperature range they change their 

relative positions. These investigators also postulated 

that at low temperature the ductility is reduced at low 

strein rates by the production of precipitates, which have 

insufficient time to form at high strain rates. At high 

temperatures they assumed that the slow strain rate permits 

recrystallization and this accounts for the ductility being 

greater. 

Leech, Gregory and Eborall (19) carried out 

experiments for hot workability measurement using a device 

adapted to an Izod impact machine. The strain rate used was 

about 260 fec . They measured the elongation, reduction 

in area and the energy required for fracture at various 

temperatures, using brass and bronze. Variation of these 

characteristics against temperature are showm in Figs 2.11 and 2012. 

They compared results with those of Voce and Hallowes who used a 

notched ber test (Tab. 2.II). They also used a rolling test 

and measured reduction in height at which edge cracking appeared.
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iis reported by Voce and Hallowes. 

  
  

Table 2e2 

; Energy to Be Notched bar 
arenes fracture Sees impact value 

£¢ = ib ‘ r ft = lb 

a 58 70 68 

oo 59 70 - 
a 53 58 ~ 

o Oe 58 be 

a 51+) 60 a 

my 9) SS - - - 
b 14 4 3 

12 Le ~ 

Pot es
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Reduction in area by impact tensile test and reduction in 

height by rolling at which the cracks appeared are shown 

in Fige 2013. Because the reduction in area is generally 

below the reduction in height they ceme to the conclusion 

that the impact tensile test is suitable for hot workability 

measuremente From their results may be concluded: - 

1) There is no direct relationship between the 

energy required for fracture and elongation and reduction in 

area 

2) There is no proportional relationship 

between elongation, reduction in area, impact strength and 

reduction in height by rolling. 

Bridgman (20) studied the tensile test from 

the point of stress distribution in the necked region amy, 

Using an approximation, he found the following equations 

for stresses: 

  

> Bi 
eo oe Sy auK-4 Qe 

De = Sg Ne tn ees 
3 

tw A BR 

- z 2 
a «Rak ~ x . es 

os 2 i Nae oA 

Where §7 is axial, 6g radial and hg, circumferential stress 

in the necked region; 

Ys yield stress; 

4.* radius of specimen in the necked region ('igs2.14a).
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k= the curvature of specimen in the necked region; 

7s radius inside of Londen (a <v ga) 

Using hollow specimens containing 4 solid core 

(Fige 2e14b) he showed that deformation across the neck is quite 

uniforms For instance, for specimens which before deformation 

had the ratio Defi s 1.9efter a reduction in area of 42% rose 

to 2,09 However, it seems that at the middle of specimens 

the deformation was slightly higher. 

Tavidenkov and Spiridonova (21) who also 

studied stress distribution in the necked region gave the 

following equations for calculating the stresses: 

  

by : Dim 
LE PY a 

a= 

I+ 0-25 % "7 

Rt OSa 2-6 
Emax = Sm ( 2 + 025 me : 

where Byi, * 6, for ¥ = a (Fig. 2.14a) 

Done = fp for ¥ «= O° 4 

fm is medium value of $7 { Om “Ea being axial force). 

Parker, Davis & Flanigan (22) studied the 

stress distribution in tensile specimen experimentally, using 

solid and hollow specimens. The variation of the stresses 

across specimen section is shown in Figs 2elde 

Puttick (23) studying tensile test fractures 

observed that the fracture started fromthe axis, and developed 

towards outside.
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Comparing both theoretical and experimental 

stress distribution and also the point of initiation of fracture, 

wonuniformity in stress distribution across specimen section is 

evident and the fracture starts from that place where axial 

stress has maximm value, i.e» from the axis. 

If we take into consideration the 

equations 2.3 - 2.6, for ¥ = constant, we canwrite a 

function of the form: 

yest icky ee 

nae vi i ea 

Bridgeman, stwiying the variation of the 

ratio © observed that it is not constant during deformation 

but increases if the strain is raised, suchas in Pige 2.16. 

He stulied also the influence of hydrostatic pressure on 

deformation, ami observed that it has a significant effect 

on flow stress and ductility. The variation of the ductility 

at fracture egainst pressure of pulling for a few materials 

is shown in Fige 2el7.e 

Investigations were also made on the influence 

of specimen size on ductilitye Williams and Hall (24) studied 

this aspect at low temperaturee They found that reduction in 

area is not affected by specimen size at 20°C when the ratio uy 

was constent (1being specimen gauge length and q@ its 

diameter), but at lower temperatures it is affected (Fige2e18). 

Shahanian and Lane ( 25) studied this aspect in creep. Using 

a wide range of specimen sizes and ratios of 1a they came to 

the conclusion that increasing the ratio Ya results in
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decreases in rupture time and total elongation. However ; 

a change in diameter has little effect on ductility if the 

ratio + is kept constant. 

CONCLUSIONS. 

1) The strength of metals is affected by strain rate 

less at low temperatures than at higher temperatures. for 

a giventemperature it is possible to relate stress and strain 

rate in w form of logarithmic law which gives satisfactory 

results for many metals and alloys. 

2) Elongation and reduction in area are affected by 

strain rate ina much more complex manner than stresse 

Although the conditions of testing were quite different, 

comparing the results obtained on copper by Nadai and 

Manjoine with those of Greenwood, Miller and Suiter it can 

be readily seen that at 600°C the ductility rose by increasing 

strain rate from 0.4/hr(0.00011/3) +o 1009hr(0.28 sec ahs but 

no change in ductility occurred by increasing strain rate from 

13,5/ 00 to 4,50./ ace » and the ductility decreased by increasing 

the strain rate from 450/ sec +o 900/sec 4. From the results 

of Nordheim, King and Grant and those of Castro ani Poussardin 

on mild steel the curve of ductility as a function of strain 

rate would have at least two maxima at a temperature of 

1800°C. 

3) There is no close connection between elongation and 

reduction in area and the energy required for fractures. By 

varying the temperature and strain rate each behaves in a
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different manner characteristic of each material. 

4) Stress distribution across the specimen section in the 

necked region is not uniform, but depends on the form of t he 

neck. The necking is influenced by temperature and strein 

rate so it follows that stress distribution in the necked 

region is also affected by these factors. However, by 

increasing strain rate at higher tempereture it seems that 

this ratio does not change so much as at lower temperatures. 

Hence, at higher temperatures a rise in strain rate produces 

a more uniform stress distribution in the necked region and 

more uniform deformation along the specimen gaugee 

5) The ductility is affected byhgrostatic pressure 

and by stress level at a given temperature. Because strain 

rate affects the form of the neck it may affect the ductility 

in a complex waye 

6) The ductility is partly dependent on specimen geometry 

but if the ratio = is kept constant the specimen dimensions 

seem to have little influence on ductility. 

12022 Compression tesd 

Because this type of testing closely resembles 

several kinds of hoteworking operations (forging, rolling, 

stomping etc.) it has been often studied particularly from 

the point of view of stress distribution as a function of 

specimen size and friction between test piece and platense 

It is well known that due to friction between 

specimen and platens phenomena occur which give rise to 

very complicated stress systemse A great number of works
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have been published, and for solving problems many 

approximations have been made and many types of 

equations have been obtained. The usual approximations 

relate to the values of shear stress and how it varies 

on the contact surface between specimen and platens.e 

In most cases the following have been accepted (6.26): 

ue dmk, G =k oe AiG eG *® z 2.8 a feet 

& ? 

where is shear stress on the contact surface between 

specimen and platds; 

kK = maxima shear stress; 

- normal stress on the contact surface; 

Ps frictional coefficient between specimen and platens 3 

# = portion over which it is assumed that %G varies 

linearly from zero to k3 

y¥. = aramiom value between o andlc . 

For any conditions of testing and value of % , the 

value of (x, on the contact surface is giving by a function 

of the form: 

vo = i Be ct vi 

aca | Ek a &) 
Ped 

By increasing the ratio d (for a given value 

of k and. /<) by increases at the ae azise On the 

other hand by decreasing the friction coefficient we the 

variation of By along the specimen diameter is smaller 

ond its meximm volue is less for a givenratiod.e ds a 

general rule at the outside of the phan ehed at the 

Specimen ois, =¢, nox, cmd radical ctress Cy eutside is zere 

and at the svecimen aris is norviminme
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Robin (27) was one of the earliest investigators 

to use the compression test to determine various characteristics 

of materizls at different temps:raturese He showed that 

the higher the carbon content in steels the higher is its 

resistance to deformation or. lower its forgeability. 

He elso showed that some elements act favourably in 

decreasing the resistance at high temperatures (eee 

chromium) and othersunfavourably (e.g. nickel). 

Ellis (28), using impact compression, showed the 

influence of the transformation point in iron on its 

working properties. He pointed out that the atomic 

rearrangement which occurs at the Ac3 point seems to 

increase resistance to deformation. 

Kent (29),using a drop-stamp deformed specimens 

mede from tin, lead, zinc, aluminiun,copper end brass. 

Measuring the reduction in height at various temperatures, 

he observed that the resistance to deformation at high 

temperature is not as low as reported by other investigators 

using data from tensile tests with lower strain rates. 

In this way he pointed out the strain rate influence 

on the deformation behaviour 

Cook and larke (30) investigated the influence of 

friction and specimen size on the resistance to deformation 

of copper and copper alloys at room temperature. They 

varied the apecimen diameter from 0.5 to 1 in. and the 

height from 0.2 to 1.5 inc. the ratio do being from 0.4 

ho 
to 4. By deforming these specimens they drew a set of
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curves of the form: 

P= #(2) ab) ( 2610) 

where p is medium normal stress required to produce deforming 3 

de + ~ specimen diameter am ho-its height; 

Aj, ~ reduction in height. 

it the same time the value of yield stress for 

various reduction in height were determined, as &re shown 

in Fige 2.19. 

Alder and Philips (31) studied the effect of strain 

rate and temperature on the resistance to deformation of 

aluminium, copper and steel. Using a plast»meter machine 

which provided a constant strain rate, they eliminated the 

friction between platens and specimen surfaces by lubricatione 

From their results they observed the following aspects: 

1) The effect of strain rate on the stress of a 

given temperature and strain could be expressed with a 

reasonable appwoximation either by semilogaritmic formula 

written in the forms 

5 = A e é = Wy (2.11) 

or by a power lqw in the form 

Sees 

=o ¢ (2e18) 

where % is the resistance to deformation for a given condition; 

Be - stress value for unit strain rate; 

€& - true strain rate; 

‘i. and n - constants.
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Figs 2.20 illustrates the agreement between stress 

and strain using the equations 2.11 and 2.12. However, the 

authors came to the conclusion that equation 2.12 gives 

better results for high temperatures. 

2) For copper and steel at high temperatures and 

strain (over 40%) a reduction in stress occurs. No 

reduction was found with aluminium alloy at any temperature 

and strain. Therefore, they came to the conclusion that no 

general relotionship between stress and strain can be valicd 

for all matcrialse They wore particularly concerned with 

the cquation : = 

es p € TK ey { I+ 4 C oe ) 
2.13 ) 

O f 

where Ten is relative temperature 3 

T —~ absolute temperature 3 

k - coefficient; 

é - truc strain ratc}3 

é,- unit strain rate (which was taken 107? seo) . 

The above cquation was suggested by McGregor and 

Fisher (32) who considered that resistance to deformation 

is affected in the same way by an increase in strain rate 

as by a decrease in temperature. 

3) The stress for a given strain and strain rate 

varics with temperature in a complex way for materials 

which vere studied, and accepting the equation 2.12 they 

determined the velues for §, and at various temperatures 

and strains which are given in tzbles 2.1IL ami 2.IV.
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Table 2.III. The value of n for various materials, 

tamperatures and strain (31) 

Page 31. 

  

Value of n for a compression of 

  

  

  

  

  

Metal yemp. 

Ce 10% 20% 30% 40% 50% 

AD 136 0.013 0.018} 0.016! 0.0168 0.020 

oO. oh C008 0.022! 0.021! 0.024 9.026 
25C 0.026 0.031 | 04035 | 0.041 0,041 
350 0.055 0.061} 0,073 | 0.084 0.088 
450 0.100 0.098] 0.100] 0.116 0.130 

Cu | is 0.010 0.001] 0.002} 0.006 =" 6 on 

950 0.014 0.015| 0.020} 0.023 0.026 
300 0.016 0.018} 0.017} 0.025 0.024 
450 0.010 0.004} 0.041} 0.055 0.078 
750 0.096 0.097} 0.128] 0.186 0.182 
900 0.134 Oe110} 04154! 0.195 0.190 

Fe | 930 0.088 0.084! 0.094! 0,099 0.105 

1000 0.108 0.100} 04090} 0.093 0.122 
1060 0.112 OelOT) Osll 7k 0.127 0.150 
1135 0.123 0.129! 0.138! 0.159 0.198 
1200 0.116 | GO .120)' O14) 05173 0.196               

le
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Table 2.IV. The value of €, for various materials, 

temperatures and strain (31) 

  

  

  

  

  
              

Value of §) for a aduacceeion ome ee 

abide Ge a. aa 10% | 20% | 30% | 40% 5 Om 

Al 18 14.66 1751 1669 20 6 22.40 
150 11.4 1355: 1°°15,0 161 17.0 
250 9.1 3065.1 ed 11.9 12.3 
350 643 669 V2 5 Te4 
450 509 403 405 44 4e3 

550 262 2A 265 eA 204 

Cu 18 26 03 4043 490 Dhol, bel 

250 eal 3204 | 3708 A165 4305 
300 20.2 2665 | 3062 32.2 3404 

| 450 17 20 2265 | 2501 26.6 26 8 
750 76 907 10.0 8.5 8.2 

| 900 4eT G5 | 651 5.5 5 22 

! Fe 930 16 3 19.4 2004 20.9 20.9 

| 10007 1°13. 15 66 | 1554 18.0 16.9 
1060 10.9 2.9 7140 4.4 13 6 

| 1135 pero 40.5 | Uae | aso aes 
| W004 uae | 8.641%, Bed 1 Baht ae 

' 
st 
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= 

What is important from these data is that using 

the ratios 

H t 2014 

where T is testing t emperature in’K; 

TH — melting tempereture in ee 

the variation of n with temperature is not great up to 

Ty = 0.55, but above this n increases steeply. Figs 2021 

shows the variation of the ratio : against ratio 

T and the values of mj and m, are given in table 2V. 
hh 

Values for m. and for various values 

of strain 

Table 2eVe 

  

  

  

          

: | 
Compression % | 10 20 30 » 40 50 

ma) 0.045 02050] 0.055 0.060 0.065 

mh, 0636 Oe 38 0.41 0.46 0.52 

    
  

Cook (33) carried out experiments on the strain 

rate ami temperature offect on the resistance to deformation 

of more materials ami some of his results are given in 

Fige 2.22.. From this can be seen the complex effect of 

strain rate on the strength of materials at vetoes 

temperatures and strain values. 

Arnold end Parker (34) and Bailey and Singer (35) 

investigated the effect of strain, strain rate and
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temperature on the resistance to deformation of 

aluminium and some aluminium alloys giving some 

results in curves of the form of those of Cook. 

However it is important to point out Bailey and Singer's 

conclusions which are: 

1) Attempting to find an empirical formula relating 

yield stress to strain for various mat erials has little 

successe No relationship can be found to express 

correctly the shape of any stress-strain curves containing 

maximum am minimm straine 

2) For all materials tested the effect of strain 

rate on the yield stress at a given temperature and 

strain could be expressed by the power Fw. They also 

calculated the values of De and nfor their mderials 

and gave them as tables like those of Aider and Philips. 

Diccussion end conclucions on comprecsion testce 

Because ctresc values depend largely om the friction 

coefficient A and specimen cize <2, by changing those values 

a change in the stress system occurse As the specimen 

changes ite dimensions during deformation and the ratio 

= increaces, implies that during deformation of the came 

specimen there is a change in stress systeme 

Strecs values are affected by strain rate after a 

power lai (for a given strain and temperature ) but the 

relationchip became mich more complicated by changing the 

strain and temperaturee For the latter no satisfactory 

equation could be given to fit various conditions of deform tion



Page 356 

for a number of different materialc. 

It is necescary to point out that it is still not 

known how either the friction between specimen and 

phaten or the specimen geometry ac expressed by the 

diameter : height ratio affect hot-workability measurement 

at various temperatures and for different materialSe 

Bridgman (20) studying the influence of hydrostatic 

pressure on yield stress and ductility of come materials 

at room temperature observed that thece properties improve 

when the precsure is increased. Specimens made from 

brittle material put into rings made from ductile material 

(Figs 223), which created a hydrostatic pressure around 

them during deformation, could be deformed at appreciably 

high rates (6). Schroder (36) stated that the ductility 

of most materials is of a very high order under conditions 

where the ctrain is strictly compressive, 

From the plasticity equation of the form: 

e ieee ey ne oe : 

(5,-Sy)3eay = 3 ¥ Sie 
where Oy, is normal strece, 

Sy “ radial stress, 

% - shear stresc, 

k - maximum shear strecc, 

it can be seen that by increasing fz; 6, will increase. 

Now § may play the role of hydrostatic pressure, which 

implies that by increasing the ratio s in the compression 
h 

test ductility weulé be expected to improvee
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As hot-workability measurement, using this test, 

is based on the appearance of cracks on the outside of 

the specimen where dg seems to be zero it would appear 

that this stress bine Hid effect, but the external surface 

cannot be considered separately from the interior, which 

is affected by Vg + Again friction between specimen 

ani platens cannot be completely eliminated and due to the 

complex flow within the specimen, the éeformation is not 

uniform and the specimen changes its shape. Furthermore, 

according to Sacks (37), ac a cylindrical sample bec ones 

parrel-shaped under upsetting operations tensile stresses 

come into play around the periphery (Fige 224) which act 

as secondary ctrecs restricting the amount of deformation, 

and causing cracks to develope The nature of these tensile 

strecsec is not yet understood. 

Tomlinson and Stringer (38) investigating the closing 

of internal cavities in forging observed a very interecting 

phenomenone Ucing blovk specimens 4" x 4" x 8" with an 

axial hole of #' dia they observed that in first stage 

of deformation (up to about A. = 0,36) the diameter of 

the hole increased in the middle of specimen then above 

this value of an it decreased, as shown in Fige 2025. From 

these results it can be seen that Ds at the middle height 

of the specimen varies in a complex manner during deformation 

and its value depends on the ratio =, It may be supposed 

that the tensile stress which appears in zone III will also
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vary during deformation and will also depemi on the 

  ratio pmex, « However, Z is affected by the frictional 
max 

Dmin Dmin 

coefficient and lubrication has different effects on 

different materials, This can be seen from the results 

of Zeerleder et alia (39) who studied the influence of 

lubrication on conic punch penetration in epecimens made 

from steel and aluminium (Fige 2.26). ‘Furthermore, the 

frictional coefficient is affected by temperature and 

speed of deformation (6). Thus from the foregoing it is 

clear that in compression tests many factors are involved 

during deformation which cannot easily be controlled, and 

these affect the ductility in a very complex way especially 

for materials which sustain big changes in the value of 

< during deformation. For these reasons what is measured 

quantitatively may not truly represent a quantitative 

measurement of the hoteworkability characteristics. 

202030 Torsion Teste 

Sauver (40) seeme to be the first to use this type 

of testim for studying deformation at high temperatures, 

He twisted #in. square bars of various plain carbon steels 

heated to temperatures between 600 ani 1200°c. The 

deformation was not limited to any length and the temperature 

was not constant along the bar. Making tests in this way 

on steels with low carbon content he observed two portions 

which deformed more on the both sides of the centre regione
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He explained this by postulating thet ferrite at its 

highest temperature is more ductile and has a lower 

strength than avstenite-at its lowest temperature e 

Itihara (41) investigeted the effect of impact 

torsion, using both static and dynamic methods. His 

device consisted essentially of a fly-wheel which, after 

aceeleration, was coupled with the test specimen. He 

observed that metals behave differently under dynamic 

and static conditions, and it is not possible to use 

data obtained by static tests in cheracterising forging 

properties under dynamic conditions. 

Thring (42) using 5/16 in. dia ber specimens expressed 

the hot-workability as the number of revolutions to 

failuree. <Althovgh he did not limit the length of bar, his 

results showed good correlation with practices 

Clerk and Russ (43) employed a similar method of 

testing av Ihnrifg and carried out experiments on steels 

in the temperature range 900 - 1400°C,, They studied 

the form of fracture and concluded that the reduction 

in ductility above a certain temperature is associated 

with a change in the type of fracture from transerystaline 

to intercrystaline. 

Bloom, Clarke and Jennings (44) usedatorsion test 

on 9/16" diameter bars for investigating the connection 

between ductility and structure for stainless steels in 

the temperature range 1040 ~ 1340°C, They found that 

on increasing the temperatwre the ductility increased and
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as the ductility is strongly affected by structural 

transformation their results show that in the temperature 

ranges where more ferite is present the material is more 

ductile. 

In all the above experiments no limitation in 

specimen length was used and specimens were deformed 

along a temperature gradient. Because the temperature 

varied along the specimen length the deformation was 

momniforme However, their results aroused great intereste 

Hughes (45) seems to be first who used specimens 

with a restricted portion in the middle. Using an 

improved machine he recorded the torque am axial force 

which appeared during deformation. ‘ith his machine 

he could select deformation speeds from 12 to 600 rev/min. 

ond he carried out experiments on steels in the temperature 

range 950 - 1350°¢, using various specimen sizes ami strain 

ratese From his experimental results the following aspects 

emerges - 

1) The ductility wes affected by strain rate 

differently for various temperatures and materials. On 

increasing strain ratu the ductility incrcased up to a 

particular temperature and then dccreased, for one steel 

(R), and if decreased almost at @S4 temperature for another 

steel (x) (Fige 2.27). Furthermore, by increasing the strain 

rate the peak of ductility ageinst tempcrcture was moved towards 

lower temperature for steel R but remained at about the same 

temperature for steel xe Because the energy involved during
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deformation appears as heat within the specimen and consequent ly 

the temperature increases more rapidly for higher speeds 

than for lower, Hughes concluded that temperature rise is 

the main factor influencing the ductility. It was a good 

explanation for steel R up to its peak, but this 

phenomenon seems to be more complicated at temperatures 

above the peak and for the alloy stecl. (x)e 

2) By increasing the specimen diameter the ductility 

seems to increase (Fige 2028). However variation of 

diameter alters the strain rate at a given number of 

revolutions per minute. Thus the change in ductility 

is closely connected with the change in strain ratee 

3) During deformation by torsion an axisl force 

appeared which varied with the temperature e 

4) Fracture started from the outside up to a 

temperature of about 1100°C, but above this temperature 

internal cracks appeared before the fracture occured 

in one of the steels (R). These cracks were orientated 

transversely at about the middle of the specimen radius. 

Hughes gave an explanation in terms of two factors: 

a) The fibre structure, which before def ormation 

was axially orientated, became radial during twisting. 

Thus, the cracks may form along the reorientated fibre 

structure « 

b) Due to superimposition of axial and shear stresses, 

which according to Nadai (46) are distributed across the
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specimen cross section as shown in Figs 2.29. At the 

specimen axis shear stress is zero and axiel stress has its 

maximim valuee ovever, the cracks do not appear at the sxie ef th 

specimen but at the position where axial stress and shear stress 

have optimum values 

It is worthy of note that Hughes stated that the 

torsion test results showed a good correlation with the 

practice of rotery piercing, but it is not possible to assess 

hot-torsion test results with practical experience in other 

hot-working operations, the majority of which are less 

severe then rotary piercings 

@uenssier and Castro (47) employed this test 

for studying the hot-workability of a few alloy steels. 

They observed that if the specimens made from austenitic 

steel (18/8) were not restrained they became shorter 

during deformation whereas from 17% Or forritis uteel they 

became longere When the specimens were kept fixed 

an axial force appeared during deformation, tensile for the 

first steel ami compressive forthe second. They 

supposed that this complex stress system, different for 

various materials, may affect the ductility measurement 

as determined by the teste 

Bastien and Portevin (48) investigated the speed 

of recrystallization of metals during deformation amd showed 

that there is a critical speed which greatly influences the 

ductility at high temperatures. From their results for
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a ~teel with 0.29% deformed at 1000°¢, it can be seen that 

on increacing the number of revolutions per minute from 10 to 

100 no sencible change in ductility occurred but from 100 

to 400 the ductility inereeced markedly (Fig. eA). 

Robbins, Cutter end Sherby (49) investigated the 

effect of structure on ductility of pure irons et elevated 

temperature. During testing the specimens were unrestrained 

and the strain rate was about AT% oe Three irons were 

used: Armco iron (99e7%, Puron iron (99.95% and 

vacuum melted iron (99.97%)e  Fromtheir results the 

following conclusions may be drawn: - 

1) Pure iron had the highest ductility. 

2) Femite is more ductile than austenite in 

the same range of temperature. 

Studying the factors which affect the ductility, 

they said that the following would be expected to contribute 

to an increas” in hoteworkebility : 

a) Increase in number of slip mechanisms 3 

b) Increase of etomic selfdiffusion rates 

c) Increaging ease of twimings 

ad) Increasing ease of grain boundary sliding; 

-) Increasing case of recrystallization. 

They said that while the bec.c. structure has 

A8 slip systems, f.cece has only 12. Furthermore, 

selfdiffusion takes place much more rapidly in becece than 

in feCeCe hence beCece is more ductile than f.cece at high
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temperatures. Giving a great importance to selfdiffusion 

in relation to its influence on ductility, they proposed 

the equation: 

P «= sp 2 (x). 2elb. 

where P is the ductility of a given naterials 

D - selfdiffusibility corresponding to a given 

comition of deformation; 

S - constant (approximately to the number of slip 

systems ) 3 

£ (x) = a function which depends of other factors, 

not yet defined. 

They suggested that steels with low content 

in carbon, because they have a quite good ductility am low 

strength, can be deformed in the ferritie condition, possibly more 

economically than in the austenitic conditions 

Reynolds and Tegart (50) investigated the 

deformation behaviour of pure irons at elevated temperatures. 

In their work they used a high purity Swedish iron (A), a 

high oxygen Swedish iron (B) ami Armec iron (C), which 

were deformed in the temperature range 700 - 1200°C. 

For deformation they used 66 rev/min. The curves of 

torque and number of revolutions to failure against 

temperature are given in Fige 2031. Both curves have about 

the same shape, but while there is no major difference 

in torque for the three irons, there is an appreciable 

aifference in number of revolutions to failures
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The ductility curves were considered as 

divided into three regions: 

1) ferrite region, where after deformation a 

marked substructure was present and the 

ductility was not so high. For iron Ay, 

when recrystallization was evident the 

ductility markedly increased. 

2) The ferrite and austenite regioy where the 

ductility fell to values less than either 

feritic or austenitic comitionse 

3) The austenite region where the deformation 

was about the same 4% ferrite, particularly 

at the low temperatures, where an even 

substructure was observed. 

One important aspect of their work is the 

fracture. In iron A at 750°C the cracks appeared on the 

surface. At 8130 external cracks were less, but internal 

cracks became more pronouncede At 850°c surface cracks 

disappeared ond internal cracks were found in the centre 

of specimen, with severe coviations nenr shoulder. These 

cracks were thought to be associated with 4” transformation. 

Meking coreful ‘examination they observed at 863°C thet the 

we % ¥ amount of was greatest at the middle of radius. At 

973°C intercrystalline fracture was observed. At 1128°C 

the cracks were trensverse to the axis and were most dense 

at about Sradiuse At 1168°C cracking diminished and
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voids appeared. At 1206°¢ large voids elongated 

transversely to the oxis were present in a helicol 

shell -t mid-radius while voids were almost absent 

at the centre and surface. 

On iron B the ernacks and voids were about the 

some as in iron Ae At 750°C many cracks were wholly 

or pertially along grein boundaries except for a few 

associocted with inclusions. Examination showed that 

the large holes in other regions were in 

boundcries and associated with some inclusions. 

In Armco iron (C) at 936°C the cracks 

appeared at the surface. At 1206°¢ they disappeared 

from surface ond appeared inside. At 1253°C large 

erecks ceppeared in the middle of specimene 

They concluded that severe cavitation, which 

appear: in Y range des not seem to be associated solel¢y 

with inclusions because both irons {A and C showed 

caviation although they exhibited lorge differences in 

inclusion content. They concluded that further work 

is necessary to elucidate the mechanism of cavity 

appearance during hot-torsion testinge 

Another very impartant aspect which they also 

investigated was the influence of specimen size on the 

number of revolutions to failuree They used specimens 

with various diameter kecping the ratio 1/a constant, and 

with verious ratio 1/d keeping the diameter constant.



Page 466 

The results obtained on specimens with the ratio 1/d variable 

for several temperatures are given in Table 2.VI and it can 

be seen thet there is no clear relationship between the 

ratio 1/a ond the mmber of revolutions to failure. 

ordwick and Tegart (51, 52) studied the 

structural changes during deformation of copper, aluminium 

and nickel including dimensional changes during twisting ond 

the connection between torque and structure. Moking tests 

at 0.7 Im they showed the variation of torque agoinst the 

number of revolutions for more metals, illustrated in Pige 

2.32. ##From this figure can be seen the large differences 

in behaviouz 

Table 2.VI. 

Number of revolutions to failure for various 

temperatures and ratios 1/a (50) 

Relative sizes 
Temperature » ee: ; 

"c | oo oS ! 

1050 2.8 | 364 (306) : 1000 (5-6) 

1085 i eZ | 1500 (903) | 1980 (204) | 

1150 3062 | 39¢0 (40) 4565 (60) i 

The number from ( ) is proportional . 

Studying the structure of specimens quenced at the 

peak of torque they found that aluminium showed a substructure 

formation starting from outside and going on towards insidee 

At the surfece, grain boundaries became indistinct from 

subgrain boundaries. On the other hand copper showed at
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the surface doforned grains ond small recrystallised grains 

forned along groin boundsrics and in the defornation bends. 

Nickol appecred to represent an interncdiate behaviour 

bet..con aluminiun and. copper, showing both subgrains snd 

new reerystallisod grains. 

These phenonene vere continuous during defornation 

end enlarged until the entire spccinen section becane sinilor 

to the outside. 

Making tests at vorious temperatures they 

concluded that the structure chenged in cbout the sane 

manner as at 0,7 Tn, ond torque head clnost the sane shape, 

For copper 2 pronounced peek appeared ot low temperature, 

which deercssed if the tomorature was raised. Tho pook 

for aluniniun ives very snell end « steady state wos reacned 

vory repidly. Nickel shovcd perks at cvery tenporcture (Fig. 

2.33), It wos observed that the peak of torque was closely 

connected ivith the restoration processes, and its size is 

an indication of the ecse with which restoration can occur, 

For aluniniun where dislocetion clinb is repid the initial 

work-hardoned structure is slready modificd into an 

inperfect substructure by the tine the naxinun torque is 

resched. Since restoration is rapid, only a snall peak 

is observed. With nickel, where dislocation clinb is 

slower the initial vork<hardening cannot be clininated 

sufficiently rapidly by poly gonisction and enough energy 

is available to initicte reerystellization, which replaces the 

originoel polggonized grains by fine cquiaxed ones. With copper
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dislocation climb is so slow that poljgonization is not 

significant and recrystallization is operative immediately, 

hence both copper amd nickel both show peaks in torquee 

The sane authors also dealt with changes in 

axial force during deformatione Axial force for 0.7 Tn 

and 66 rev/min, for various metals ani alloys is shown 

in Fige 2034. For nost materials axial force is 

compressive ext the beginning ef deformation amd sfter 

a few turns if changes into tension, the nost notable 

exception being aluminiun for which axial force renains 

compressive throughout defornatione Deforming specinens 

freely resulted in change in lengthy in a linear nanner 

with nunber of revolutions at a givent enperature, as is 

shown in Fige 2035 for carbon steel. Conclusions reached 

were that tuxial force or change in specimen length is 

not due to geometric effects but is dependent upon 

naterial and temperatures 

Rossard and Blain (53, 54) studied the influence 

of temperature and strain rate on the resistance to 

deformation by torsion. They used a machine capable 

of large variations of strain ratee In this way they 

obtained a series of curves torque-revolutions for 

various temperatures and strain ratese For a steel with 

0.25% C deforned at 1200°¢ the curves torque-revolutions are 

shown in Figs 2936, where it may be seen that torque for 

690 rev/min is about 5 times bigger than for 0.30 rev/mine 

Starting fron Nadaits equation of the forn
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2el7 

where ~ is shear stress; 

R- specimen radius; 

T-- torque; 

Ei angle of twisting, 

and accepting that torque varies with strain rate after 

a power low of the forn 

T = To (ep 2018, 

respective Z = Bo (S i 2018,b 

where To and n are constants for a given tenperature; 

dt 

gave an equetion for calculated shear stress CG tram 

- true strain rate by torsion, they 

torque T of the forn 

" oe, 
iz ee w- Ts (25192) 

om Ro 

: ay 
Plotting curves of log a against log at 

for a few steels they found an almost linear relation. 

For a steel with 0.25% and for another with 25% Cr these 

curves are shown in Fige 2¢37e While n is constant for the 

carbon steel at e given strain rate at each temperature, 

for the chrorium steel n is constant only at temperatures 

of 1000 ~ 1200°C3 at 900°C it changes its value between 

1 and 10% Seale Another important aspect is shear
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stress variation against temperature for three steels 

deforned with two different strain rates (Fig. 2.38) 

These authors also studied structurel changes 

during defornation by torsion and showed that the 

structure is affected by strain rate and temperature 

in opposite wayse The lower the temperature and the 

greater the strain rate the smaller are the resulting 

grain sizese 

Ormerod ani Tegart (55) taking Rossard and 

Blain's equation (2619) caleulated the value of n for 

super pure aluminium using a speed of 66 rev/mine They 

compared their results obtained by torsion with those of 

Alder and Phillips obtained by compression, which are in 

quite good agreement as shown in Table 2.VII, 

Valuesof n derived from torsion and compression 

  

  

  

    
  

Table 2.VII. tests for aluminium (55) 

Tenperature Torsion Compression 

oC | 

195 0.02 0,04 
280 0.07 0.06 
390 0.10 0.10 
450 0-13 0.125 

550 | 0.18 04155 

Conclusions 

1) In the torsion test when the specimen is kept fixed 

its dinensions renain about the same throughout 

| deformation, hence, for a given specimen size and 

nunber of revolutions per mimute the defornation occurs
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with an approximately constant strain rate along the 

epecinen length provided that the temperature is 

constant. Strain veries across the specimen section, 

but in a manner that is easily established. Because 

of this particular feature this nethod of testing is 

very gubtavle for studying the structural changes during 

defornatione 

2) The ductility is affected by strain rate and temperature 

in different ways for different materials. If the strain 

rate increases at low temperature the ductility usually 

increases and the reverse happens et high temperaturee 

At a given tenperature ductility is affected by strain 

rate and for some materials there may be critical 

points where the ductility changes sherplye Ductility 

also alters with temperature in a complex manner, hence 

it is not easy to use for its calculation equations like 

2e16 or else such equations will have very limited 

- application .e 

3) A power law is suitable to relate strain rate 

and resistance to deformation which gives results 

conparable with those obtained by other types of testings 

4) An axial force appears during deformation which 

depends on the meterial and temperature. Due to this 

force a conplex stress systen exists during deformation 

which differs from netal to netal and fra one temperature 

to anothere It is not yet established which factors 

produce axial force and how it affects the ductility
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measurement. It is supposed that axial force may alter 

the true hot workability measurement which makes comparison 

of results difficult for various materials ami temperaturese 

5) Fracture starts in a very complex way. In many cases 

the cracks appear first inside where the rate of deformation 

is not maximm. Although there are some explanations for 

this they cannot yet be regarded as satisfactory because 

cracks do not always appear within the specimm for all 

neterials even when they have tensile forces of the same 

order of magnitudee This kind of peace hale the results 

obtained by torsion test a little uncertain and show at 

the same time the necessity for further work to elucidate 

this aspect. 

2e2e 4. Notch-bend impact Test. 

This type of testing has been used for studying 

the brittleness of materials at room temperature for many 

yearse Bunting (56) was one of the earliest who used it 

for studying the brittle temperature range in brass. He 

showed that a range of temperature where the brass is brittle 

exists and it varies with the copper content. 

Portevin and Bastien (10) used this test for 

studying the forgeability of light and ultralight alloys 

(along with other types of testing). They measured both 

the energy required for breaking the specimen and the 

angle of bending and fourd a connection between them, showing 

a maxinmum at the same temperature for alloy Mg-5%Cu, but at
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a different tenperature for alloy Mp-3% Al (Fige 2039). 

Bailey, Donald ani Samels (57) used the charpy 

inpact test for cvadying the impact setonges characteristics 

of high tensile beta-brass in ten ereture range between 

-195°C ma 800°C ond Fig. 240 shows the impact strength 

value against temperature. Meking metallographic studies 

they observed that up to 200°C the fracture was 

transcrystalline, from 200° to 650°C intercrystalline, and 

over 650°C elongated grains were seen near the region 

of the fracture. There appears to be a close connection 

between inpact strength end type of fractures 

Moore, Whishart and Lyon (58) carried out 

experinents on steels at low temperatures (fron -40 to 

70°F) using slow bend and inpact bend, Sone of their 

results are given in Table 2.VIII fron which it can be 

seen that while for some materials there is no big 

difference between the energy required to fracture with 

either the slow or the impact test, for others there is a 

difference of up to about 50% 

Crussard et al (59) investigated many aspects 

of this type of testing, but at roon temperature only. One 

of their major aspects was the relationship between the type 

of fracture, anle of bend and ductility. In most cases, 

the specinens which broke with low impact strength showed 

a gramilar fracture and ductile specimens which required 

high impact strength showed a fibrous fracture, but it is
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also possible to obtain high impact strength associated 

with an almost totally granular fracture. It appeared 

that the poor correlation between ductility ami the type 

of fracture is because the difference between brittle 

and ductile specimens does not lie in the propogation of 

cracks but in their initiation. In this way they divided 

total energy for fracturing into the energy necessary for 

initiation and the energy for propogatione For brittle 

specimens there appears to be a straight line relationship 

between the angle of bem and the impact strength 

required for fracture, of the form 

k = 069 + 00586 220 

The first tern from above equation (0.9) 

is considered to be not directly connected with the breaking 

of the specimen, so if it is neglected, it could be argued 

that brittle fracture requires energy mm only for initiation 

of the crack (which corresponis to an angle of bending X ) 

and not for its propogation, while ductile fracture requires 

energy for both stages of fracture. For ductile fracture 

however, it is not easy to distinguish the two energy 

voluete 

Green and Hundy (60) said that this test is so 

complex that even a qualitative analysis is difficult becamse 

the behaviour of the specimen depends on so many factors, 

@ege (i) the shape of the specimen and the systen of loading 

used 3
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(44) elastic and plastic properties of the netal 

and the laws governing its brittle and ductile 

fractures; and 

(444) speed and temperature at which the tests are 

carried Ooute 

They showed that the basic general conditions 

which determine ductile and brittle fracture are still 

lergely unsolved. The various theories proposed 

conflict with each other and consequently all current 

ideas are sonewhat uncerteine What is clear is that there 

are two kinds of transitions which can be observed in 

steels as the temperature of testins is reduced: fracture 

transition involving a change fron fibrous to cleavage 

type corresponding to a modification of the node of 

fracture propogation, and the ductility trensition 

corresponding to a nodificetion in the mode of fracture 

initiation. 

Conclusions 

This type of testing is used for hot-workability 

neasurenent but it has one great disadvantage; it does not 

neasure directly the capacity of netals to deforn. although 

there seems to be some connection between the angle of 

bending (which night be a direct measure of ductility) and 

the energy required for fracture (whi ch is a neasure of 

inpact strength). Energy required to fracture depends on 

both resistance to deformation and ductility for a given 

tenperaturee
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When in addition the conplex mechanisn 

of fracture is considered it is not surprising that it is 

difficult to relate the energy required to fracture and 

the ductility. 

2.2e 5 Other types of test. 

For evaluating the ductility Mertin and Beiber 

(61) suggested bending a rectangular ber to an angle of 

180°, ond the tenperature range suifable for forging is 

denoted by the appearance of cracks in the region of 

bending. This type of test gives a qualitative infornation 

in the sense of 'go! or 'not go! but it is not suitable far 

evaluating quantitative datae 

Josefsson et al (62) used impact bending of 

unnotched specinens through an angle of about 60°, The 

degree of brittleness was assessed by the munber and 

intensity of cracks which appeared after bending, for 

which they used e six point scale. This nethod has 

the advantage of sinplicity but it may be expected that 

for sone materials no cracks will appear and a quantitative 

neasurenent will not be possible. 

Chizikov (63) proposed a nethod of testing by 

rolling a wedge bar, ‘The section of the specimen varies 

proportionally end the point of evitical reduction (where 

first crack appears) is used as a criterion of hot workability. 

Henning ani Boulger (64) proposed a test 

technique consisting of forging a wedgé specinen. The final 

forged specinen contains zones with various degree of
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defornation fron zero to a maximmn value. This specinen 

provides quantitative data for hot-vworkability neasurenent 

and nay also be used for studying the influence of 

deformation em temperature on structure. 

263 Suwmery of hot-workability tests. 

Fron the above review of literature a few 

nein conclusions can be drawn: 

1) The deformation process is a very complex phenomenon 

and naterials have critical points for various factors which 

nay or nay not have sone connection with each other. ‘Thus, 

for exanple; 

a) The energy required for producing a certein anount 

of defornation by tensile test is about constant on increasing 

strain rate up to a particular value, then it decreases 

quite sharply without any marked alteration in ductility. 

This criticel value of strain rate is different for 

different ueterials as well as different conditions of 

the sane uaterial (Figs 205 and 2.6). 

b) Yield stress, maximum stress; elongation, 

reduction in area and the energy required for fracture 

by tensile stress are effected by strain rate in 

different ways for various materials. liven for the 

gane material in the sane state, the ratio of dynamic average 

to static average is different for various characteristics 

Table 2el). 

c) The ratio ef energy required for fracture by impact 

bending to that of slow bend varies in a complex way SF
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for various materials at a given temperature. For sore 

materials this ratio is bigger than 1, for others smaller 

(Table 2.VIII). Furthermore the variation of impact 

strength with the temperature is different than the angle 

of bending. There is a range of tenperature where the 

angle of bending increases and the impact strength 

decreases (Figs 2239). 

ad) The ductility is affected by strain rate in a 

a@ifferent way, depending on temperature am strain rate 

value, in some ranges of strain rate a small temperature 

change producing a great change in ductility (Fig. 2210), 

and similarly a slight change in strain rate may have 

the same effect (Figs 230). 

Thus it appears that naterials behave differently 

in different types of testing as well as in various conditions 

of testing. Two main conclusions may be drawn fron thiss 

First, it is not possible to compare quantitatively 

results obtained by using a certain type of testing 

with those obtained by using another tests and second, 

that data obtained in some comlitions of testing may differ 

more or less from those obtained in industrial practice 

if the contitions of testing differ from those used in 

practice. 

2) Each type of test has some specific character 

created by the defornation process which then affects the 

behaviour under subsequent deformation. Thus for example
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due to necking in-the tensile test a change in the 

stress system occurs and hence also in real value of 

strain rate$ due to barrelling in the compression test 

a change in the uniformity of deformation and stress system 

again occurse The parrel-shape depends largely of friction 

which in turn depends on other factors such as strain rate, 

temperature, lubrication, surface quality etc. Furthermore, 

by increasing the ratio = during deformation the real stress 

necessary to deform the specimen increases too. Thus, in 

this test both stress system and their values change very 

much during deformation, which camot be easily controlled 

and which will certainly affect the ductility. Due to 

axial force which appears during tiisting in the torsion 

test (compression or tension) a complex stress system is 

present too, which is also likely to influence the 

ductility measurement 

All the above factors affect the ductility 

in different wayse Increasing the ratio = in the 

tensile test, ami increasing tensile force in the torsion 

test will decrease the ductility; increasing the stress 

value inthe compression test and applying compressive 

force in the torsion test will increase the ductility 

Hence the comlitions of testing may become better or worse 

if the degree of deformation increases. 

On increasing the temperature the ratio s 

in the tensile test seems to decrease, hence, from this 

point ef view, the coniitions of testing are better
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at high temperatures. On the contrary, tensile force 

developed in the torsion test increases if the 

tomperature rises, hence, the comitions of testing become 

worse if the temperature increases. Thus, it can be seen 

that the deforming conditions change in different ways in 

different types of test upon increasing the temperature. 

From these aspects it seems also that the results obtained 

with various types of test cannot be usefully compared. 

3) The specimens break inaiit ferent manner in each 

type of test. This appears more pronounced with materials 

having a well developed fibre structure. In the 

compression test the cracks appear at the specimen edge 

erientated usually in the direction of pressing. ‘Thus, 

if the specimen is deformed in the direction of the fibre 

structure, then the cracks appear along it too. In the 

torsion test the fibre structure changes its direction in 

respect to the acting shear stress so that in specimens 

cut along the fibre structure, by its reorientation the 

cracks appear along ite Hence the anisotropy of material 

plays a more complex role at this test. 

From the above considerations it can be seen 

that the anisotropy of materials manifests itself differently 

in respect to fracture for each type of testing. 

In the light of the preceding discussion it 

would appear that the coefficients Cas Cos Css and Pi 

from the equation 2.1 change their values in various 

comlitions of deforming in a manner difficult to predict.
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However, it may be supposed that the coefficients for tensile 

test and torsion test chenge least, It seems likely that 

the leost change in coefficient would oceur with the torison 

test if the oxicl force were zero or very snoll, but 

beesuse this may show considerable veri-tion from notal 

to motel ond from tempercture to temperature the tensile 

test is leas: affected. 

Fron tho <bove it is clear not only that « true 

comparison between the results, for hot-workability, 

obtained by various types of testing is not possible, but 

also thet it is difficult to moke « compsrison between 

results obtained using « given test for vcrious materials 

and even for the seme material ct various temperatures. 

For example, with a given msteriol a peak for ductility 

at one temper-ture may be given by one test and at a 

different temperature using another. Lyons (65) showed 

such differences in results obtoined by torsion -nd tension 

(Fig. 2-41), (olthough his results might be affected by 

other factors connected with the material history prior 

to testing, ), and the results obtained by Guenssier ond 

Castro (66) and by Mortin (9) show that differences in 

ductility due to this effect may exist, However, it may be 

concluded thet tho chorecteristics of the test l-rgely 

determine where the peak of ductility occurs.
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It has been shown that it is not possible to 

keep constant comitions during deforming or if one 

parameter is changed whilst others remain constante 

Therefore, in order to find a true peak of ductility 

by varying one factor it is necessary to take account 

of other factors which also changes. In this way, instead 

of using the ductility value which is actually measured 

it is necessary to establish a relative value which takes 

account of the factors which change during testing. Such 

ductility might be calculated with an equation of the forms 

P = Po +(x ¢(), (2.21) 

where P is a relative ‘ductility; 

Pa - measured ductility; 

GC «= a proportionality coefficients 
x 

i (x) -~ a function composed from the factors which a 

. change their values during testing ( ext: = 

for tensile test, d@ am Dmax for compression 
h Dmin 

test, Paxial for torsion test etce). 
Torque 

Such equations like 2421 cannot take account 

of all the factors which affect ductility, but if the 

deformation is at a given strain rate and temperature the 

main factors which change, which are characteristic for each 

type of testing, are taken into account. Only in this way 

is it possible to represent more or less correctly the 

variation of ductility with temperature ani to compare the 

ductility of metals with cach others 

Because each type of test has some characteristic, 

each has advantages and disadvantages with regard to hot
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workability measurement. Tensile tes# can show 

differences in behaviours between specimens cut along 

and across the fibre structure much better than torsion 

or compression. Compression testscan show superficial 

defects, being able to use specimens with the same diameter 

as rolled bar, aspects which cannot be investigated with 

tensile or torsion tests. The torsion test allows greater 

strains end more uniform deformation along the specimen 

length than tensile orgcanpression tests and also provides 

an easy quantitative appreciation of the ductility. 

Impact bending dcYects the brittle range in materials 

mich better than other testse Thus, before choosing 

a method of testing it is necessary to bear in mind the 

main purpose. The best method of testing will certainly 

be that which approaches the practical operationse However, 

taking account of ite advantages — torsion testing may be 

regerded as a suitable method of testing for defining 

the temperature range with highest ductility, especially if 

some means of correction for axial loads could be 

established e
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CHAPTER. 

Some problems connected with torsion testing. 

For a better understanding of this type of 

testing ami for a better appreciation of the hot-workabilitty 

measurement ‘Soe is a need to clarify the following aspects: 

1)» The conditions giving rise to axial force and its 

effect on hot-workability measurement. 

2). Why the fracture takes place in such a complex 

manner « 

3). Why specimen size affects the ductility measurement > 

The experiments described in the following pages 

were earried out in an attempt to solve the above problems. 

Ql. Testing equipment, specimens and material used. 

Tn order to be able to investigate the above 

aspects a specicl hot torsion testing deviee was necessarye 

This device had to have the following two main features: 

a)e +o masure the torque and axial force which are 

present during deformation; and 

b)» to permit appliostien ef an external axial force 

in the conditions of combined deformation (torsion 

ami axial force). 

A machine was designed and built, as chown in 

Figs 3ele The solid shaft (1) fixed in the hollow shaft 

(4) by means of the axial bearing (3) and the mts (2) 

may rotate with no axial movement with respect to the hollow 

shaft (4). The hollow shaft (4) may slide axially in the 

supperts (5) on the bearings (6). On the solid shaft (1)



  

  

    

Se
ct
. 

AB
 

  

      
  

    

  

    

    

  

  

    

      

  

        
  

  

fig
. 
34
."
fu
nc
ti
on
 
sh
em
e 

of
 t

he
 
ta
rs
io
n 

de
vi
ce
. 

  
   



Page 655 

a circular clamp (8) is fixed, with the bolt (9) which 

holds the beam (10). At the other end of the beam (10) 

there is a ball race(11) which may easily slide along the 

support (12). For balancing two rings (13) ore used, 

fixed at the opposite side of the clamp (8). Strain 

gauges are attached to the beam (10) so that by its 

deflection the torque may be measured. 

To measure axial force a second beam (15) is 

clamped on the hollow shaft (4) at the end of which is a 

bearing fitting into a housing (17) free to rotate in the 

support (18). This support is able to slide parallel wih 

the spindle (L) petween two guides (19) fixed onto the 

pase plate (7). ‘Two supports (20) are mounted at the 

ends of the base plate (7) aligned with the bearing support 

(18) through which pass screwed rods (21) operated by 

handwheels (22). By adjusting these screw attachments (21) 

the support (18) may be fixed in a desired position by 

using tubes of fixed length(23) enforced in one direction 

(er the opposite) by using a compression spring (23, a) 

in place of one of the tubes (2+3)e In Fige 301 the 

detail showing (23a) is the arrangement used to apply 

tensile forces to the specimen; to apply compression the 

spring would be transferred to the right hand side. 

The device was designed for a torque of 400 kg om. 

mexand an axial force of up to 300 ke. and was mounted on a 

lathe in place of its sledge so that it could be fixed in
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a desired position clong the lathe bed with the bolts 

(24) and the picces (25). 

Tho speeinen (27) is nounted for testing in 

the spindle of the device snd the lathe shoft (26) by using 

ee 
tio threcdcd grips (28) made fron austenitic stcol,. 

1) 

2) 

3) 

4.) 

This apparetus has the following advantages: 

Lt, is: simple in eporations 

The specinen tay be onsily changed, 

The accuracy of necsurenents is offectcd only by the 

forces which appear in the bearings. 

Beenuse the support (18) nay be noved by using the 

bolts (21), its position can be regulsted for 

elininating axial foreo which appears into speécinen 

during heating, so thst the test can be started 

with no axial force. 

By using o spring for creating an exicl force it is 

a sinple nattor to obtain various valucs without 

other cquipnent. Furthernore, during deformation 

if the specinen lengthens oxial force exerted 

decreases, 

Fron the equation 

V = So lo = ($0 +A 8) (lo + Al) ak 

where So and lo ere the initial dinensions of the specinen 

gauge; 

& S and Al ~ the variction of ares ond length during 

dcfornation,
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AS as a function of 41 (considering an uniform 

elongation along the specimen gauge) is given by the 

equations 

a S041 52 

lot Al 

For small value of Al — comparing with lo - 

5 linear variation of 4; S with 41 may be considered. 

The variation of the axial force 4 P given by spring when 

its length varies is linear too, given by the equations 

a2P skAl 303 

where k is the spring constante 

In these conditions, for small values of Al, 

an approximately constant stress may be maintained 

during deformation. However, because for big elongation 

)-8 does not vary linearly am the elongation is not 

uniform along the specimen gauge, axial stress cannot be 

kept constent. Thus for instance for a specimen Zin dia 

and 14 in length deformed under an initial axial force of 

200 ke (eorresponding to m axial stress of 300ka/om@), 

after a deformation with 4 1 = 9mm a reduction in area of 

30% was obtained and the real stress was 260ke /om” « This 

was the lsegest value for 41 and stress which were used. 

But beeause shear stress ‘% desreases during deforming 

(over some temperature renge) the real value of C/o does 

not alter appreciably and this value has mech greater 

significance. This advantage of uniformity only applies of 

course for tensile stresses that are externally applied. —
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One disadvantage is that using a 

unileteral beam for axial force measurement, 

creates an axial force of friction in the bear ing (6) 

such as shown schematically in the Fige 3022 The value 

of frictional force is given by the equation: 

  

, — a fr 

p= 24% = Zn mCP, 204 
£ hee 

where P_ is frictional force; 

ba)
 

Pp = axial applied force; 

ze = normal force which acts in bearings; 
2 

1 = the spindle length (between bearings); 

1 9 = the beam length; 

JA = frictional coefficient; 

ec = constant. 

, Because oy {rts ani for such bearings A~0.015 

-0,02 it means that C =0,01 ~-0.015. Hence this 

secoruary frictional force does not alter the measured 

axial force more than 1.5% Of course, this force 

coulé be eliminated by using two beams, but this would 

have considerably complicated the device amd the slight 

gain in accuracy did not appear to be justified. 

Torque ami axial force are recorded by an 

ultraviolet recorder type Si 200 5 with a very rapid response. 

For low voltage supply necessary for the strain gauges, 

a stabilised power supply was used giving constant O to 

1 amp and O to 15 voltse 

For heating radio frequency current was 

used from a valve generator using a suitable coil
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design for the specimen, and for some experiments a 

resistance furnace fitting Onto the lathe bed. 

The H.F. heater had an output power of 

228 KWA and a frequency of 5000 o/sece It was set near the 

lathe in order to have a minimm loss in current. ‘The 

coil, made from flattened copper tube % india, was 

& in internal diameter, 2% in length ani 16 turns. The 

distance between neighbouring turns is varied, being less 

at the specimen shoulder and greater at the centre of 

specimen gauge (Fige 3e3)e In this way it was possible 

te get a variation in temperature along the specimen 

cae of less than 5°C. For regulating the temperature 

a variac controlling the valve anode current was usede 

The time for heating a specimen % in dia ami 1% in length 

was 40-50 secs for 900°C, 142 mimtes for 1100°C ani 

2 - 3 mimtes for 1200°C (some specimens could be heated 

up to 1300°C in 3 - 4 minutes, but not for each type of 

steel). In order to reduce oxidation the coil was enclosed 

in a box through which argon was passed during heating and 

deforming (Figs 33). This wethod of heating was very 

suitable up to temperatures of 1200°c, and especially fer 

structural studies, because the specimens could be 

quen-el.od immediately, at eny period of deformatione 

The resistance furnace provided temperatures 

up to 1400°¢. In order to be aie to obtain a constant 

temperature along the specimen gauge the furnace length 

was divided in three zones, each having a length of 2 ine
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A variable resistance wos connected to the nidesector 

(Pige 304). In this way the tenperature along the 

furnace could be reguleted (by sooling the mid-sector) 

with no nore than 3°¢ variation along the specinen length 

(measured on the hollow specimen), The tine for heating 

a specinen 3" in din ond 1$" in length was about 15 minutes 

for 900°C, 30 minutes for 1100°C and 60 minutes for 

1300°C. For reduction of oxidation rate two rings of 

asbestos were put at the ends of furnace ond argon was 

introduced as in the previous method (Fige 3.4), For 

reguloting the temperature a variac was ogoin used. 

Before starting the defornation the specimens were 

socked at temperature for 2 minutes for high frequency 

heating and about 5 minutes for heating in furnace. No 

sensible difference in ductility was observed using the 

two trootnents when duplicate tests were made under 

Sinilar conditions, 

For tenperature mecsurenent plotinun / plotinun 

1% rhodiun thermocouples were used. One thermocouple was 

connected to 2 galvanometer in the ultra violet recorder so 

thet the temperature could be recorded during deformation, 

The temperature wos messured at the fixed end of spceinen, 

inside, near the shoulder (Fig. 3.5), the top of the hole 

being in the same plane as the edge of shoulder. Such 

specinens could be used only at lower temperatures. Over 

150°C if the hole was made near the specimen gauge, a 

greater deformation occured due to axial force, and the
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specimen usually broke in this place. However, even 

this close to the gauge length the temperature seers to 

be lower than the: temperature which exirta clong the 

specimen gauge during deformation. 

For the number of revolutions measurement a 

counter was connected to the spindle «f the lathe. For 

one revolution of the spindle five revolutions were 

recorded by counter. In this way the mmber of 

revolutions could be known with an accuracy of 0.2 turns. 

Using timing marks printed on the torque curves by the 

recorder the number of revolutions to failure were also 

recorded, and this was the most reliable guide to number 

of turns to failure as the lathe continued to rotate 

after the specimen had broken or rewelded, whereas the 

point of fracture was always revealed by a discontimity: 

in the torque curve. In Fig. 3.6 is shown a general 

view of the testing inst¢%ation using high frequency 

current for heating. In Fige 3-7 is shown the device 

for measuring the torque and axial force which appears in the 

specimen during twisting, and in Fig. 3.8, the coil used 

for heating in its box (in the open position). Fige 39 

is a general view in the conditions of using the resistance 

furnace for heating. ‘The stréss measuring device in this 

picture has a spring (23, 6) instead of tubes (23,8) 

Ax the position for applying an external axial force.



    

Pigs 366. Genorad view of testing installation using 

high frequency ou rent for spooinen heating 

  
Fige 3e/e Stross moasuring assenbly
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The oalittivation of torque, axial force and 

temperature measurement. 

By using a free contact between beams ani their 

supports no distortion arose during their deflection, and a 

linear relationship was obtained between the current 

voriation due to @cfleetion cf the tcrewe and axial force 

beans e 

Using flat type ctrrin gruges 1" long 

having a resistance of ee galvanometers type C300 with 

a sensitivity of 0.5 mv/com and 0.13 MA/om, and a 

current of 0,O7A, at 34 volts, lmm on the paper correspomed 

to 3 kgom for torque and 2.2 kg for axial force. 

For temperature recording a type C40 

galvanoneter was used with a sensitivity of 0.0016 MA/om 

ami 0.072 MW/ome 1000°C was taken as a datum and by 

insertion of a resistance into the cirouit 10°C was set 

to 1 mm on the chart between 700°C and 1300°C. 

The accuracy measurements was about +1 kgom 

for torque, 2% for axial force and + - i C for temperature. 

In Fige 3010 is shown a diagram slustrating 

the veriction cf terquc, axial foros oni tcmpewatere. 

against time recorded by ultraviolet recorder for a specimen 

made from mild steel deformed at 950°C. 

Specimens 

Two types of specimens were used: solid 

and hollow (Fig. 311}. Both types had various dimensions
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according to the experinent. Their dimensions are given 

in table Zele 

Table Zele The dimensions of the specimens showed in Fig. 
  

  

  

    
    
  

    
  

  

  

  

  
    

                              
  

  

Belle 

an a | ee sn ee ee ee tn 

1 1/4 {7/16 | 5/8 se a. 7/8\ 1/41 5/8 

2 1/47/16 | 5/8 | 1/2 11/2} 5/8|1/4| 5/8 

3 3/a| 1/2| 5/8 | V2 1 1/2| 5/e{1/4| 5/8 a 

4 3/8| 1/2| 5/8 | 1/23/16 {2 1/2 5/8| 1/4 | 5/8 

5 | 3/a| 1/2| 5/8 | 1/2| 1/4 [2 1/2) 9 5/8|1/4 | 5/8 

6 3/e| /2| 5/8 | 2 7 7/8| 1/4 | 5/8 

7 | 3/8| Y2\ 5/6 | V2 1.6 5/8] 1/4 | 5/8 

8 3/a| 1/21 5/8 | 1/2 205 5/al1/4 |5/8 

9 | 7/16| 1/2| 5/8 | 1/2 11/2} 5/8|1/4 |5/8 

10 | 5/16}7/16 | 5/8 | 1/2 11/4] 5/8\1/4 15/8 ; 

14 Gores le 3/aleast (2 2/2| 5/6| - [3/4 

Materials. 

In order to be able to make comparisema sever al 

materials were used. Because beveosubes were observed from 

bar to bar of nominallythe same material, for each 

experiment epesinens vced were made from the same length 

of the bare 

Vila stecl ami medium carbon steel were used 

in the form of 5/8 in diashot rolled bar. Another mild 

steel was obtained as ingot slice and was forged 30% and
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75% reduction of areas For one experiment aluminiun 

aliny 1 in dia rolled ber was also used. Some experinents 

were nade using the material as received, for other the 

material was heat treated. Material oompositions and their 

heat treatnent before testing are given in Table 302+ 

Table 302 The content of the main materials used and their 

heat treatment mame before testing. 

  

Content % 
  

Material CF Mm Si S P Heat Treatment 

  

Steel 1 | 0013 | 047 [trace | 04047 | 0.068| Heated at 930°C, 
for 30 minutes, 
furnace cooled. 

  

Steal 2 0057 | S61 | 622 | 0.016 | 0.021) 14 norted bare 
  

Steel 3 0.18 O42 | 0,085 | 0.032} 0,016 | Ascast. After 
forging annealed 

as Steel le 
    tis 

Steel 4 Ge20 | Oede | Osdd6 | 00036 | 0.000 | Hot rolled bat           
Aluminium Commercially puree Extruded bare     
  

Microstructural studies. 

For microstructural work, specimens were heated 

by using high frequency current. After deformation to a 

desired degree they were quenged with water immediately. 

The time between the moment of stopping the lathe and 

quenching was less than 0.5 sec. It required another 203 

sece according to the tenperaturoresorivd at the axis until 

the specinens were cooled below 700°C (dépending on 

terperature) ». 

The structure was studied by cutting the specinens 

longitudinally and transversely. after polishing they were
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etched with «a solution of 2% nitcl. 

3.2 Sone aspects rrlating to axial force 

Swift (67) ond L'Hermite (68) appee# to be the first 

to report thet during torsion a permanent change in specimen 

length occurs at roon tempersture. This has since been 

confirned many tines by Hughes (5), Guenssier and Castro (47) 5 

Hardvick ond Tegart (51, 53). Data at high temperatures have 

esteblished thet an axiel force,sonctimes compression but 

nore commonly of tension, oppears during deformation by torsion 

if the specimens are fixed in grips, or a change in Length 

occurs when they ore free. However, sone features have not 

been resolved, vir: 

(2) What factors cause axial force to arise, 

(bo) How axial force is distributed across the specinen 

eross section, and 

(c) To whot extent the ductility measured by 

revolutions to failure is offected by axial 

force. 

The experiments described below were designed to 

study these aspects. 

3.2. 1. Footors producing axiol force 

Ilerson (69), considering unrestrained specinens that 

becone shorter during twisting said that this phenomenon is 

quite normel, quoting as on example that if 2 tovel is twisted
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it becones shorter, In this wey he considercd that axial force 

appears due to fibre structure which tends to wrap helically 

and shorten the specimen len;th, Swift (67), who observed 

that the specinen at first becomes longer if it is twisted 

at roon tenperature, supposed that there is a benAnngy fo slik 

in the crystalline aggregate to occur so thet it contributes 

more to an axial elongation than to the normal strain in other 

directions. He also related this phenomenon to crystal 

structure, pointing out that a fibrous structure in rolled 

netals cannot be responsible for the lengthening effect. 

Nadai (70) considered several fectors which can explain the 

Longitudinal extension of plastically twisted bar: idea. 

(1) The finite rotation of the principal direction 

of ssrain vader a large simple shear may 

cause a simultaneous rotation of the principal 

direction of stress, because it is found that 

less mechanical work is required to plastically 

deform an element of a round bar if in addition 

to the system of shearing stress a nornal 

stress in the direction of the axis of the bar 

is also present, through which the shearing stress 

at the plastic linit remains unchanged. 

(2) It is known that the density of several cold 

worked metals decreases slightly by an order of 

nagnitude comparsble with the clastic dilatation 

in volume produced when « mean stress acts.
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If a round ber after considerable torsional strain 

should carry a system of certain tensile and 

compression stresses in an axial direction, 

varying with the radial distance from the axir 

but representing an equilibriun system of stresses 

whose resultant would still ven'sh, this stress 

will produce in the radicl ond tangential 

directions elastic strain of o magnitude varying 

with radius end giving rise to « se¢ondary systen 

of radial and tangential stress. The small 

permanent incresse of the volume in the outer 

portion nearest to the surfoce of the barwhich 

wos worked the most, together with the variable 

elastic parts of the strain, must contribute to 

the increase in length of a severely twisted bar. 

(3) Under the incrensing permanent strain the netal ceases 

to deform in the simple manner postulated in all 

theories of isotropic flow. The permanent increase 

in length of 2wisted bar is also due to the anisotropic 

way polycrystalline metals distort cfter the strain 

increases to finite megnitude. 

Rosserd ond Blain (54) said that increase in length is 

connected ith work—hardening and decrense with non work 

erdening. Hardwick ond Tegort (51) investignting this problen 

in detail came to the conclusion that chenge in length during 

ges 
twisting is not of geometrical n-ture, but depends on the
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material and temperature. They said that if the extension 

nay be explained by increasing the specimen volume due to 

increase in the number of dislocations during deforning, 

decrease in length is still obscure, cond further investigations 

are necessary to explain it, 

From the above it can be seen thet axial force during 

twisting may appear due to several recsons but none has yet 

been proved to be directly responsible for it, The difficulty 

of establishing the main factors which produce axial force 

is thet it is not easy to make determinctions directly, and 

it is necessary to make deductions based on interpretations 

of other phenonena. 

It is true that axicl foree of compression (or increase 

in specimen length) may be due to increase in specimen volune 

during deformation, but axial force of tension certainly cannot 

be attributed to this phenomenon, If axial tensile force is 

due to nonhomogenity of materials thy does it appear in 

pure motels ond, especially, why has it various values for 

various materials? If its variction is due to the forn of 

crystal structure why is there great difference in its 

magnitude for naterinls which have the sane type of structure? 

If it is attributed to some change in princigal direction of 

strain ond stress why does this change occur differently in 

various materials and at various temperatures? Furthernore, 

why does axial force return from compres.ion to zero and then 

change to tension when 2 specimen is deformed at 2 given



  

tenperature? These characteristics inply that the main 

factor which produces tensile force during tiisting may 

be different fron those so far considered. 

Being in egreement with Herdwick and Togart that this 

phenonenon is dependent on the material ond temporature the 

problen was studied as detailed below. 5)
 

EXPERTIESNTS AND RESULTS 
ee 

(1) The Influence of Fibre Structure 
  

For this experiment solid specinens 3n in dis, and 

I$" gauge length node from steels 1, 2, ond 3 (Table 3.2) 

were used. Steel 1 had a low content in carbon, (0.13) 

high content in sulphur (0,047) ond phosphorus (0,068) and 

a pronounced fibre structure, Steel 2 contained 0.% 

carbon, lower content in sulphur (0.016) and phosphorus 

(0,021) and 2 less pronounced fibre structure. Steel 3 was used 

in the as-cast state (0.18C, 0.0368, 0.068P) and forged 

with 30% ond 75% reduction in ores respectively. Fron forged 

material specimens were cut longitudinally and transversely 

with respect to the forging direction. 

Torsion tests were carried out in the temperature 

ronge fron 600 to 1300°C using 2 strain rate of about 60% "95 

corresponding to 75 rev/min. 

The variation of torquo and axial force against 

nuaber of revolutions ot various tomperstures for steels 

1 and 2 are shown in Fig. 3.12. The curves for steel 3
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had sbout the sane shape -s for stecls 1 ond 2. The varintion 

of mnoxinum axial tensile force with temperature is show 

in Fig. 3.13 for stccols 1 and 2 ond in Fig. 3.14 for steol 3, 

Because the three steels have different compositions and 

therofore difforent strength snd nelting point, 

for o better comparison in Fig. 3.15 is shown the variation 

cee 3 ee ie ; : of the ratio “2 with the ratio Th (5 being maxinun 
oF ak 

   

tensile stress, 2% - shear stross corresponding to moxinvn 

tensile stress, T = testing temperature cnd Tm = nelting 

tempersture),. 

(2) he Effect of Strain Rate 

For this test specinens of steels 1 and 2 were used. 

The tests were carried out in the tenpercture renge fron 

700 %o 1300°C using speeds of 30 ond 307 rov/nin. In Fig. 3.16 

is shovm the variction of the ratio Me with tenporature 

( 3 ond @ have the same neaning as before), 

(3) Varistion of Axial Force With Temperature Using Hollow Specinens 
  

Beecuse solid specimens deforn nonunifornly on their 

cross scetion it was considered useful to deform hollow specimens 

which exhibit a much nore uniform deformation. For this test 

hollow specinens with 2" oxternol dioneter, £" intornal 

diancter and 14" length, made from stecl 1 wore uscd. The 

defornation was corricd out with 75 rov/nin, 

Because the hollow specimens changed their forn vory 

quickly bofore axial force attained its noxinun velue, 2 core 

wes inserted as shown in Fig. 3.17. This coro oxtended the life
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of the specinen so that with these conditions it was possible 

to obtain « stobilized value for axicl foree and torque 

before its forn altered but only at tomperctures cbove 900°C, 

Although the core slightly influcneed the values of torque 

and axial foree the change in their veluc enn be neglected 

because the specinen length was kept constant, ond the torque 

necessary to deform the core was much less then that necessary 

to deform thc specincn. The core could also produce a 

nonunifornity in deformetion along the specimen gauge, but 

because the value of torque and axicl force were taken a 

the stage when they first reached stecdy velucs, it may be 

considered thet the nonunifornity effect wes 2lso insignificant. 

On tho basis of comparison between the dincnsions of specimen 

and of core, the measured results were cutincted to be in 

error by no nore than 10%, 
s 
—— The variation of maxinum oxicl force and of the ratio % 

oo 

against temperature are shown in Fig. 3.18, For conporison 

and results for solid specinens meade from the sane naterial 

ee. deformed in the sane conditions are clso show, 

(4) The Effoct of Temperature 

The ein of this test wos to sec how cxial force which 

tS
 © 8 a a & 2 5 

O
b
 oF hs E g is clininated with tine after 

stopping deform-tion in comparison with - foree of the 

some nagnitude .s,plicd from outside to sn nondeforned 

specinen at the some tempersture. For this test solid



  

  

  

fig.3.17 Hollow Specimen with a core insick. 
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specincns 6" dia. ond 14" length wore used, A bigger 

diancter was chosen in order to work with higher values 

of axial force for more accuracy in measurencnt. For 

defornation a speed of 75 rev/min wes used, Three 

tonpersturcs were chosen for testing 700, 800 and 950 26 

(800°C for undeforned specincns only). For 700 and 950°C 

specincns nade fron stecl 2 (0.5% C) were used which 

exhibited a high conpression force at 700°C end a high 

tensile force ot 950°C. For 800°C specinens made fron stecl 1 

were uscd in the undef#forned state, because the axial force 

which appeared during deformetion in specinens nede fron 

this noterial ct 800°C is clmost zoro. (Fig. 3.12). The 

tosts were nade in the following nwler: 

At 700°, The specinen wos heated at 700°C (by high 

frequency), hold 2 ninutes, deformed 3 turms and thon the 

dcfornetion stopped, An axicl force of compression of 

93 kg. had by then appeared, Its decay wos recorded for a 

15 ninute period, kceping the temperature constent. Another 

specincn wos heated at 700°C, held 2 minutes, «2 compression 

force of 93 kg wes applicd and its decay recorded over 

15 minutc&, The decresse of axicl force against tine for 

the two tests arc showm in Fig. 3.19, 2. 

but the defornstion was stopped softer two stoges: after 5 

turns when an axial tensile foree of 105 kg hes appeared, and 

after 26 turns when the exicl force has « value of 89 kg.
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Axial tonsile forces of the some nagnitudc, 105 and 89 ke. 

respectively were cpplicd to undceforncd specinens, end the 

decay curves ore shown in Fig. 3.19, b (for 5 turns) and 

3.19, c¢ (for 26 turns). 

Another specinen was deforned at 950°C with 

interruptions, The varictionsof axial tonsilc force against 

tine are showvm in Fig. 3.20 which also shows the testing 

sequcnce,. Twisting, 12s rccommenced when the axial force 

hed decayed to 4.5 kg ofter cach interruption, 

During deformation the tenpersturc rises and after 

stopping defornation it falls to its initicl voluc. The 

chenge in tenpernture affects axial force by specinen 

exp:nsion or contrsction. In order to lessen the change 

in tonpurature the snode current was slightly dceercased at 

the beginning of deformation ond after defornetion it 

wos increased again to the value corresponding to working 

temperstures. The change in tonpercture of the specinen 

wes recorded snd did not vary by nore than 20°C. However , 

a curve of variation of oxicl force against temperature 

wes determined using cn undeformed specincn (Fig. 3.21, 2). 

Because a decrease in temperature of 50°C occurred in less 

then 7 soc. the offect of tenpercature in the decay oxporinents 

issting over 15 min. periods, such :s shoim in Fig. 3.19, 

nay be considered negligiblo, In fact the curves in Fig. 3,19 

have been corrected for the slight initicl veriction in 

tonpersture using the correction dicgran of Fig. 3.21, b.
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At 800°C. The aim of this test was to disoover whether the 

ferrite/austenite transformation has any particular effect on exial 

force, and whether for a given temperature axial force of compression 

4s eliminated at a similar rate to the axial force of tension when 

they both have the sane order of magnitude, Thus a specimen was 

heated at 800°C held for 1 minute and an axial force of tension 

applied having a value of 130 kg. Its decay was recorded over 15 min. 

after which the axial force was raised again to its initial value, 

and the decay again recorded. After this an axial force of compression 

of 130 kg. was applied and then a similar procedure followed. Another 

specimen was heated to 800°C, held for 2 longer period than before of 

30 minutes equivalent to two 15 minute decay periods and then an axial 

force of compression was applied of 130 kg. The test was then continue 

as that described before. The variation of axial force for the two 

tests are shown in Fig. 3422. 

DISCUSSION OF RESULTS 

The specimens made from steel 1 and deformed at 750°C 

developed helical surface nerkings whereas specimens made from steel 2 

showed no trace of such form at any tenporature. Fige 3.23 shows 

two specimens made fron stecl 1 and 2 deformed at 750°C. The 

nicrostructure of the specimens made from steel 1 and deformed at 750°C 

was found to be non-uniform along the specimen gauge length. The 

grains were smaller in the portion with smaller dirtioter as illustrate 

in Fig. 3.24,0. In Fig. $y 2hyb is shown this nonuniformity in grain 

structure witch shois very distinctly in a macro section, Similar
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nonuniformity was not observed in specimens made from steel 2. 

This aspect shows that stecl 1 compared with steel 2 is quite 

different from the point of view of isotropy. However, although the 

specinens made fron steel 1 and deformed at 800°C gave an axial force 

almost zero (Fig. 3.12), st othor temperatures axial force curves 

had about the same shape for both steels and the same order of 
Na
l 

ap
t magnitude for Che LO ELO Ane <6 

No large difference was observed in variation of axial 

force with the temperature for steel 3 (as-cast and forged state) 

or between specinens vut longitudinally or transversely with the forging 

direction (Fig. 3.14) , Baking account of small differences 

in composition, strength, nunber of revolutions to failure, errors 

of measuring etc, some spread in results may be expected. However, 

oO. 
the shape and magnitude of axial forces (= ) show thet fibre structure, 

impurity variation, and even oerbon content, have very little 

influence on axial force appearance; hence the main factor (or factors) 

which gives rise to this force must be other than those so far considere 

Looking at the Pig. 3.13 and 3.14 it can be seen that 

an axial tensile force, having a sensible value, appears at the 

temperature range just over 0.5 Tm which corresponds with the 

equicohesive point for stecls reported by Crussard and Tamhankar (71). 

At this order of temperature » sensible grain boundary sliding starts 

to occur (72). “his coincidence suggests thet there nay be some 

Gonnection between axiel tonsile force and grain boumédary sliding. 

Comparing the variation of axiel force with temperature 

for hollow and solid specimens from Fig. 3.18,2 it can be seen
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that the values of axial force =lter. as the temperature is raised, 

i.e. the force falls steeply for hollow specimens in which the 

deformation takes place more wmiformly over the cross section than 

in solid specimens, Furthernore, between their ratio= from Fig.3.18,b 

there is a big difference at lower temperatures which is reduced by 

increasg¢ging the temperature. 

Two conclusions may be dravm from this aspect: 

1) Two factors (or two groups of factors) produce axial force: 

one compression and the other tension. They are present together 

all the tine, at any temperatures, but their intensity is different 

at various temperatureg and stages of deformation, Those which 

produce compression have greater intensity at lower temperature and 

at the beginning of deformation, and those which produce tension have 

greater intensity at higher temperature and towards the end of 

deformation. 

2) The factors which give rise to tensile force appear to have 

a limited effect when the temperature is increased in that only up to 

a certain temperature does the tensile force continue to rise, 

‘thereafter it begins to fall. 

Fron Figs 3e19,2 it can be seen that compression force which 

appears in specinens spontaneously during deformation is much more 

quickly eliminated by temperature than a similar compression force 

applied to an unde#formed specimen, This suggests that axial force 

of compression is connected with defects which appear in structure 

due to deformation (dislocations and vacancies) which are cured in 

tine at high temperature if the deformation is stopped. This conclusic



  

Page 87. 

is in good agreenent with Swift's conclusion (disoussed previously) 

with regard to lengthening of the specinen during twisting at roon 

tenperature. 

From Fig. 3.19,¢ an opposite effect can be seen which 

occurs with tensile force, Tensile force which sppecrs during 

1 
doforurtion decayed more slowly than the same force applied (forec) to 

an undofforned specinen, On the other hana fron Fig. 3.20. it is 

apparent that o% every commencement of adoformstion tensile force 

decreased by about the seme anount and then increased again to 4 

fairly constent value everytine the twisting was restarted, Fron 

these results it nay be implied that during defornation o 

ayutnic 6quilibrinn of dislocations and vecanaes (corresponding to 

given conditions of deforming) sre present which contribute to naking 

the specimen longer than in the unde, forned state, Hence, this 

may be the reason why in Fig. 3.19,0 the tonsile foree which appeared 

due to deformation diseppeared nore slovly than force applied to the 

undeformed specimen (i.e. the disloostions and vacances associnted with 

twisting decrease with tine «fter stopping the deformation and contribu 

to shorten the specinon length thus helping to maintain axial tensile 

force). But this also shows that there are two factors (or two groups 

of factcrs) which produce exial force, tetn being present together all 

the time during defornation, Furthermore, it can be argucd that while 

the factor which produocs compression is connected with the srystal 

QO dcfccts .’ °, (whieh appear @uring deformetion and are curing or 

redistributing when the defornetion ceases), the factor(s) which 

producostensile force is not.
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From Fig. 3.19,b we see that tensile force which appears 

due to deformation, after 5 turns, is climinated by temperature faster 

than applied tensile force to underformed specimens, which is at 

first sight in contradiction with the effect after 26 turns in 

Fig. 3.19,c. Before further discussions on this figure it is necessary 

to analyse the results in Fig. 3.22, From this figure it can be seen 

that axial force decreased faster when it was applied after 1 minute, 

and more slowly when it was applied after 30 minutes, Also while the 

rate of axial force decrease became smaller with” time in Fig.2.22, 

it increased with time in Fig. 2.22,b. Eut rate of axial force 

decay after 120 minutes is about the same in both cases, The bigger 

difference in the rates of axial forces decreaso at the beginning 

nay be attributed to the x —* ¥ phase transformation, In the first 

case (Fig. 2.22,a) at the noment of applying the axial force transfornat 

A> had not reached equilibrium whilst in the second case (Fig.2.22,t 

after 30 minutes an equilibrium A+ % had been established, correspondi 

to the tempereture of g00°C, This would suggest that axial force is 

much faster eliminated by temperature when a phase transformation occurs, 

In the light of this conclusion one may examine Fig. 3.12 for steel l, 

where, deformed at at 800°C, with 75 rev/min, the axial force was 

alnost zero, while it was greater at both 700° and 900°C. Deforming 

with 307 rev/min at 800°C axial force has about the same shape as at 

700°C. although it has a smaller value, due to the shorter time taken 

to complete a given number of revolutions. 

It would be expected that any rearrangements of atoms would 

contribute to faster elinination of axial force. Applying this
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conclusion to the results from Fig. 3.19,b we have to accept that the 

rate of recrystallisation is greater at the beginning of defornation, 

and due to this process the axiel foree,either compression or 

tension, is eliminated faster at this stage. It appears that there 

is a close comection between the rate of axial force elimination 

and the speed of atomio rearrongenent, and thit the factor which produce: 

axial force of tension is closcly connected with some intrinsic 

property of the material rather than with impurities and minor structura-. 

changes. 

Fron the aspects connected with temperature effect on axial 

force elininationitis suggested that compression force arises from 

grain deformation (by slip lines or subgrains formation) and tensile 

force from relative grain boundary sliding. 

A general feature evident in Fig. 3.12, 3.13 and 3.14 is a 

stecply increasing axirl force on passing from 800 to 900°C, iee. from 

sf range to ¥ one. This shows more clearly on comparing the 

results of steol 1 with those of stecl 2. For steel 2, which is 

richer in carbon (0.57) axicl tensile fcree increased nore rapidly at 

lower temperature than for steel 1 (0.13) and for steel 2 the 

tronsfornetion finished at a lower temperature. However, on passing 

i. fron << to x range two phenomena are known that occur: 

1) The resistance to defornation of y grains is greater than 

of “ ones (50). 

2) Due to the transformation finer grains are present just above 

the transfornation temperature than just below. 

Fre: tho ' first phenonenon 2 question srises: does the
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resistance of the grain boundary to deformation incrense in . the 

sone ratio as the grain on passing from « to 4 range? Because 

at grain boundary the atoms do not lie in a well determined 

structure, the transfornation from ~ to ¥" nay give 2. snaller increase 

in its resistance conparn 2 with the inereasc : in resistance of grains; 

this change may cause a narked increase in the difference between the 

resistance of grains ond grain boundaries, hence a sudden increase in 

grain boundary sliding night occur, On the other hand it is known 

that with decreasing grain sizes grain boundary sliding occurs more 

readily, up to a particular grain size (72), hence a marked increase 

in grain boundary sliding at this particular temperature my also 

occur. The range of temperoture where the transfornation % —-F ¥ takes 

place is critical from ductility point of view, too, Fron the results 

of Reynolds and Teg:rt (50) showm in Fig, 2.31 it appears that there 

is a close connection between increase in resistance to deformation 

and ductility in the lowest > range, It could be that such decrease 

in ductility is due only to decrense in ductility of eo grains with 

respect with &.en:3, But itigwell known that F.C.C. structures aro 

favourable for deformation in most metals and even for steels at 

other temperatures ond it is difficult to understand why the ductility 

of pure irons should be so low at this temperature, However, the 

pronounced fall in ductility at this temperature °.77 well be due to 

a sharp rise in the difference between the resistance of grains and 

grain boundaries, which favours grain bowmdary sliding and fooilitatie 

fracture. Results like those of Reynolds and Tegart were obtained by 

andall too (73) using creep tests. Carrying out tests on low carbon
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steel in the range of temmerature 1200° to 1800°F he found that the 

tine to fracture has 1 maximum and the ductility a mininun just above 

Ars (Fig. 3.25). It may be supposed thet the nexinun in tine to 

fracture against tenpersture is due to increase in the resistance 

to defornation of grains and minimum in the curve of ductility against 

tempernture due to increase in intensity of grain boundary sliding. 

Fron the .bove aspects, wicioed thet at the transformation 

tenperature a narked rise in grain boundory sliding occurs, it again 

appears¢ thet there is 2 close connection betveen tensile force and 

grain boundary sliding. 

It is to be noted that for 1 given naterial, specinen 

Sy 
size, strain rate and temperrture,the ration A is a well defined 

value. Deforming specimens with an applied initial tensile force 

greater than that corresponding to given conditions resulted in 

; © : the specimen lengthening up to the velue of z which appeared if 

the specimen had been fixed. From creep tests it was reported by 

Fah 
more investigstors (7,72) thot the rrtio a ( tab being the ratio 

ot 
of grain boundary sliding ond f¢ the ratio of tatal déforiation) 

has alsc a well determined value for . given m.tericl, temperature, 

strain rate and grain size. This ratio seems to increase with 

temperature and decrensin strain rate, S 

Now if it is sssumed thot exinl compression force is given 

by grein deformation and tensile foree by grain boundary sliding , 

one ‘ : S Eqb and for given conditions of torsion testing both ad and Ey have 

well definable values, then sone relationship should exist between 

} ‘ : i ° these two terms, The natin Se increases with temperature from 900 ¢
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to 1300°C for solid specimens but it varies hardly at all for hollow 
er 

specimens (Fig. 3.18,b). Thus it appears that the ratio @ is 

in agreenent with “ only for solid specimens, but it was shown 

before that a hollow specimen has more uniform deformation on its 

cross section, However, grain boundary sliding is a complex process, 

especially during deformation st high temperature and at high 

strain rates. By incressing tho temperature, the ratio ao would 

tond to increase for « given grain size, but. by increasing the 

deformation temperature the grains grow end, 28 a2 consequence & ’ 3 

iT e348 fu i> 

the ratio -—* would tend to decrease. Hence, the value of = ma 
&uy 7 © & 

not change appreciably by incrensing the deformation temperature, 

above 2 certain value, and there may exist a connection between “* G 

Eab : Oca 2 
ond 2 even for hollow specimens above 900°C. That the ratio 

+e 

cab | does not always change its value on altering the tempercture 

was reported by several investigators:~ Martin eb al (74), 

. Pe i 3 & o, is 

moiking experinents by creep on fy brass, showed that the ratio gt 

wis independent of temperature for 2 given stress. Similar results 

were also reported by Fazan ot al (75). Mclean and Farmer (76) 

found by ereep test on aluminium that oe. increased up to 

300 — 350°C and above this temperature remained almost constant 

(Fig. 3.26). If we compare the variation of 9%. with temperature 

from Fig. 3.26 with the variation of te with tenperature for 

hollow secinens from Fig. 3.18,b they would be in quite good 

agreenent if it is assumed that the results for the hollow 

. - G 
specinen are on the plateau, onde would decrease below 900°C. 

a s. 
From Fig. 3.16 it can be seen thet the ratio aoe
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decreases slightly if the strain rate is raised up to a certain 

temperature (different for the two steels) above which a much 

greater change occurred. Fron this point of view it seems that 

there is an agreenent up to a particular temperature only. Above 

this temperature strain rate has an opposite effect with respect 

to oS - This aspect seems to be nore complex and it is necessary 

to be further analysed. It is well known that the grains behave 

as plastic naterial and grain boundary 1s viscous material (6,72) 

At high temperature, considering the deformation process as 2 competition 

between strain hardening (due to deformation) and restoration (due 

to recovery and recrystallization), the amount of work hardening 

corresponding to some value of strain in an equilibrium state of 

deformation depends ‘on strainmte; hence the real deformation train 

present in specimen is a function of strain rate. Thus both the 

resistance to deformation of grains and of grain boundaries depend 

upon strain rate and temperature, expressed in the forn:- 

% 26 

“OE 

a Egb); 30590 

f (t,€4 )s 

where “G%g6 is shear stress for grain boundary; 

it 

648 - shear stress for grains; 

t+ -~- testing temperature; 

& 26 
e 

Es - strain rate for grains deformation 

strain rate for grain boundary sliding; 

Considering the increnent of shear stress with strain 

rate for grains and grain boundaries separetely, and comparing then 

with the variation of the ratio = against temperature fron Higy 3026
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for the two values of str«in rates, it seems that 

a oat 3 d 6% up to Ler 35058 
a 

de. co aes A 24D < ae i 

wleé At 

where e represents a nedium strain rate which includes both 

above to Ter 3.6,a 

grain deformation and grain boundary sliding, Hence, up to Ter, 

by increasing strain rate the resistance to sliding of greins will 

increase more than the resistance of their deformation and the ratio 

fey will decrecse. Ab Cc i i i We S ase, Above Tor. by increasing strain rate the 

resistance to sliding of grains will increase less than the resistance 

to their defornation and the ratio rad will inoreases 

Now if this criterion is accepted, during deformation qb 

ought to have the same value as 64 and instead of an equicohesive 

point (which may be valid in static state or at slow strain rates) 

there should be an equicohesive line. However, the condition 

a - be nay be valid only if two conditions mre satisfied:- 

~ first, if at lower tenperature (below Ser) a strain 

rate with a certain value acts, capable of increasing Gab at 

the same value of G: G2 and 

- second, if grain boundary sliding nay occur with 

any value at temperatures above Ter. 

If the first condition may be realised without difficulty 

by increasing strain rate the second cannot. Grain boundary sliding 

is dependent on grain deformation and it cannot increase independently 

above a particular value corresponding to given conditions of 

Gab cS 
deformation. The values of ae fron Fig. 3.26 and of = fron 

ee
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Fig. 3.18,b show that such a limit exists. In this way Eq bwill 

have the same wlue as Gq as long as Enb real (for a given value of 

strain rate) is smaller or ch most equal to the naxinun & kb possible 

for these conditions of deformation, If Cab * necessary to keep 

the condition Gib = Ss needs to be greater than Cab possible, 

this condition cannot be realised and consequently Gab < Gaye 

Figs 3227,b shows schematically the effect of taking account of the 

equations 3.6, in representing the deformation state in relation 

to that considered instatic state, Fig. 3.27,a. Point ty will be 

determined by temperature and may correspond to the equicohesive 

point for the static state (or very low strain rate), the second 

point, tos will be determined by temperature and strain rate. 

In this way it seems that athigh temperatures there is the 

possibility of a difference between the strength of grains and 

grain boundary during deformation even if in static state such a 

difference will not exist, and for this difference to increase 

if the strain rateis raised. Furthermore, theremay exist a certain 

range of temperature over which a particular value of strain rate 

will keep the condition Cgb* by, Smaller and greater than this 

will give Gqb< baie In this way t, may be at the highest temperature 

for a medium value of strain rate rather than the highest value. 

It was showm above that Ey ~ may have a limiting value 

above a certain temperature which is attained at about 300 - 350°C 

for aluminium and about 900°C for steel, However, from Fig. 3,16, 

upon increasing strain rate Bas increases steeply above Ter, against 

the existence of a limit for e407. 1“
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Three explanations any be put forward for this phenonenon:= 

(1) A greater local deformation of grains near grain 

boundaries may occur upon increasing the strain rate, 

A greater deformation of grains near grain boundary 

was observed by Fazan et 21 (75) 

(2) Grain size decreases on increasing strain rate, 

Decrease of grain size by increasing strain rate, for 

& given tenperature, was observed by Rossard and 

Blain (5)). 

(3) The width of grain boundaries nay increase by 

increasing the strain rate. 

An investigation of grain boundary thickness variation during 

deformation has not yet been made. It is supposed that the 

width of a grain boundary is of the order of 2 - 3 atons (7), 

but because a greater deformation of grains near grain boundaries is 

possible, an increase in grain boundary thickness during deformation 

at very high temperature may also be possible. However, even if 

ae increases by increasing strain rate it does not follow that é : & 

fab actual has the sane value as E..b necessary to keep condition } = 

Gabo Ca » and at high tenperntures (above Ter) by increasing strain 

rate above a particular value, Cot will be smaller than Ga y and 

a decrease in ductility nay occur, 

If we compare the results of Martin and Parker (77) with 

those of Manjoine and Nadai (19) it will be seen that deforming 

ocnper at high temperature Martin and Parker obtained an 

ducorgrenuler fracture using low strain rate. Nadai and Mangoine
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also deforming copper, found « ductile fracture with high values 

of strain rote and a brittle fracture (with very small reduotion 

in area) occurred using « very high strain rate. Nordhein et al 

(17) deforning steel with low content in carbon at 1800°F found 

that a strain rate of 0.001% a produced ean intergranular 

fracture with about 756 reduction in ares, 2 strain rate of 

0.1% sa produced 9 transgranular fracture with about 93% 

reduction in area, and a strain rate of b oe although giving 

a fracture which looked to be transcrystalline, intergr-nular 

cracks were seen near frecture and the reduction in area was 

snaller then with 0, thmea™ 

Because results obtained by creep tests show thet at a 

given tempernture the vigher the value cf grain boundary sliding the 

lower is the ductility, the decrease in ductility by increasing 

strain rate (above a certain temperature) may be partially due to 

raising the ratio ees » Such as the ratio Se. shows in the 

present work, The results of Castro and Poussardin (18) on mild steel 

show a decrease in ductility by increasing strain rate fron 5 eae 

to 400 so over 1200°C (Fig. 2.10) Fron Fig. 3,16 Yer for nila 

steel is also at about 1200°C, Hence there is »greenent betiveen 

the temperature at which harmful abies of increasing strain rate on 

ductility was observed and the temperature at which an incresxse in 

the ratio — was recorded by increasing strain rate. Fron this 

statenent, two inferences nay be dravm:- 

1) Above a certain temperature, 2 decrease in duotility, on 

increasing the strainr-te, may be due to increase in the ratio nm 

Et
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in comparison with lower strain rates (Several other factors 

nay tf course, contribute to this phononenon). 

even av
 

2) There nay be some connection between Se and 

over Tor, 

. : : éas 2 : 
Considering now that between a and 3 there is on 

established connection, it may with some approximation be expressed 

in the forn: ab 2Q +b = (4.7) where a and b sre two constants 
br be 

which could be determined by making parallel tests in torsion and 

pear 

creep for measuring” and $ in conditions as near identioal 

as possible. 

The equation 3.7 has this form because when * =© it does 

not follow that the factor which gives rise to tensile force is 

not present; on the contrary, it would nerely have cn intensity 

of the sane order of magnitude as the factor which produces 

conpression. 

CONC USTO™S 
1) Although it is not possible to establish directly which 

factors produce axial force during deformation by twisting, two 

main factors can be put forward to explain this phenonenon: 

(2) axial force of compression appears due to graing 

deformation by build up of dislocations and 

vacancies; 

(b) axial force of tension appears due to grain 

boundary sliding. 

Both factors are present together during defornation at 

any temperatures but their magnitude is different. Grains deform nore
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under steady conditions of deformation, and grain boundary 

sliding is less at lower temperatures and at the beginning 

ea
d of deformation, whereas ersins deforr. isss and grain boundary 

sliding occurs more at higher teaperctures and towards the end of 

deformstion. liowever, at bigh tenperntures, after a few 

revolutions in the torsion test a stcady stote is reached 

n v and the intensity of both factors seens to remain -lncst constant 

throughout the reuainder of the deformation, 

Fibre structure secons to have no op very little effect 

on axicl force, Alloy elenents und impurities seen to affect axial 

a tores apnesrance only fron the point of view of their influence 

en grin boundary sliding and pheses transformation, 

2) For the materials tested the ratio = decresses slightly up 

to a particular tonperature (about 1200°¢ for mild steel) on 

incressing strain rate and thereafter risos steoply, According 

to the equetion 3,7 the ratio “a woula very in the sane nanner, 

In this way may be explrined why the ductility of sone metericls 

deeresses ot high tenperature when strein rete increases, as well 

a8 why the ductility of pureirons decreases steeply just nrbove 

900°C, (a deorense which nay not be entirely due to a decresse 

in duotility ofyecains but also to a bigger difference between the 

strength of grains snd of erin beoundsry which nay appesr at this 

particular tenpersture compared with Just above or just below.) 

3) Axial force which originates in specinens due to defornation 

by twisting or which is applied fron emterior to an wmdeforned 

specinen may be used for studying the following phenonena:-
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(2) The rate of grain boundary sliding £2 by 
Et 

measuring tho ratio a ond using an equction 

sinilar to cquation 3.7. Evon if the coofficicnts 

a and b arc not know, fron the point of viow 

of groin boundory sliding it is possible to use such 

as a basis for comparison with othor netericls. 

(b) Rate of roerystallizotion or transfornztion in 

various stages of defornation nay be cssessed by 

necsuring the decrease in axial force against tinc. 

Together with netallogrephic observations exial force in 

the torsion test nay be of assistance in studics of a range of 

netallurgical phenonona. 

32222. Distribution of Axial Force Within the. Specimen 

Fron the results of Nodai (46), Rossord and Blain (53), 

  

Ornerod ond Tegart (55), discussed previously shear stress 

distribution on the spccinen cross section scens to be quite 

clear, having a naxinun valuc outside and zero at the 

specinen axis, Axicl stress distribution over the specincn 

cross section, when both oxicl force and torque act (neglecting 

radicl snd circumferential stresses) can be caleulsted fron the 

plasticity lew of the forn, 

Ges Soe 349 
where @’is axicl stress; 

G - shear stress; 

k ~ maxinun shoar stress 

and outside where@= k,@"= 0. Inside, at the specimen axis
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where G~O, & = 3K which is its maximun value, In this way 

axial stress distribution was given by Nadai (46) and its variation 

is shown in Fig, @.29 alongside shear stress. Because this 

problem seems to be very clear no other studies were made from 

other positions. 

In the same work Nadai made a connection between stress 

and strain in the presence of both axial and shear stresses. 

Starting from the equations: 

x= Gle,-2(e4+82) ie Yong = BY! Cry 3410 

ys GLE - a Ox tbz) {- ' Yaz mag 6 4% Sel, 

12 Z fo. S55 (Cris) fe Vex meh eee 3ei 

Neglecting the clastic portion; assuming Poisson's coefficent v = 2, 

and =€y =&;3 €x =€2 = th ; igs =; X24 = ¥ox =0, 

he obtained 

= @Q5 3013 

= 39% 3.14, 

Dividing 3.l4,2 into 3.1§,% he obtained the equation 

Me a 
2. oe ae 

Hill (78) studying the problem of combined torsion and 

tension of a thin-walled tube, ignored the component of elastic 

strain in the conditions of strain hardening, and derived the 

equations: 2 = cof e 
ef & 2s att x gel ¢ i f-. y = At on See 

= pei’ < 244k 

: vic tde oS . WE a Stade Oe 
A Ca = ae ee a Ye, Fs 

a ed ¥ > ast = 4 : eee Z ©. LL H G At J, 

Combining the expressions of dz and aXe he obtained: 

ht Se 

ire 3g 3,17
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where r is the specimen radius; 

G - angle of twist ng; 

e ~ specinen length; 

“, — sheor stress; 

Uo = axiel stress, 

which is sinilar to th:t derived by Nadai. 

Considering « cylindrical bar compased from many tubes 

Hill clained that this theory will also be valifa For solid: baw, 

However, it may be questioned whether the above relations 

hold when axial and shear stress are present together : In order 

to consider this question, it is necessary to ex,mine the equations 

3e15 or 3.17 and to apply then to this particular case, 

During twisting when the specimen is kept fixed, dl = 0 

but an axial force is present, hence C°#€). When the specimen is 

let free §=C but dl 3¥%O, The equetion 3.17 shows that when & * o, Al: 

Hence, in this particular case the equations 3.15 respeotive to 

5.17 cannot be used; they are valid for ideal material only which 

produces no axial force during twisting. Furthermore, axial force 

in torsion crises from the deformation process, ~ it is not applied 

from outside - and it is necessary to distinguish between the two 

kinds of forees;« .2xinl stress which appears in specinen due to 

defornation is present in those places where the deformation occurs. 

Let us suppose that at the specinen axis no deformation 

takes place; this part may be considered as an ideal nateriol and 

using the equation 3.17 it results that os dl = 6, G = 0, too, 

Outside where deforn-tion occurs and the naterial cannot be
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considered as ideal, due to the presence of an axial force it 

appears that although dl = 0, Sf 0. Fromthis simple analysis 

it is clear that during tvristing, when the specimen is kept fixed 

and an axial force appears, for oxial stress distribution the 

equations of plasticity cannot be applie@ in a simple way. 

Furthernore, it seens that in this perticular case axial stress 

is bigger outside and smaller at the specinen axis which is in 

contradiction to what would be expected fron the equetion 3.12. 

In the above equations radial and cireunferential stresses 

were neglected. But from Dewis' results (79) it can be seen that 

radial ond circunferential stresses have defenite values when an 

axinl force is present along with torque. Using tubular specimens 

with thin woll (14" external diameter, and 1" interval diameter) 

nade fron steel, Dewis applied forces in conbinations of torsion, 

tension nd internal pressure. Hoe varied axial stress and internal 

pressure in such a way that tho mediun dianeter of the specimen 

remained constant. The true normol snd shear stresses and also 

principal nornal stresses are given in Table 3.3 for various 

values of axial stress. Although the values of radial and 

circumferential stresses nay have little effect on the equations 

Sel 2; Seb and: 5.1/7, 200 ideal materials, in this particular case 

they may certainly affect axial stress distribution on the specimen 

cross section. 

Useful results on this problem have also been obtained 

by Crossland and Hill (80). They studied plastic behaviour of 

thick tube wder combined torsion and internal pressure, using for
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Gaba Values of true narmal and shear stresses for 

combined! tarsian, tension and internal pressure(7Y 

  

  

  

  

  

  

  

  

Tah. 3.3. 

Stresses Their values; psi. 

Axial stress, Ox 100.500 | 89.500 | 7%4.500 | 59.500 

Grcomterent stress, Ge | 50.640 | 46.900 | 37300 | 29.000 

Radial stress, O9*--F -2700 | -2.520 |-2050 |-1.670 
Shear stress, & 0 21000 | 34.000 |41.000 

Principal stress, 6, WOO500 | 98.750 | 94.700 | 87800 

Op 50.640 | 38.250 | 17100 600 

Os “2700 |\-2520 |\-2050 | -1.670         
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plastic state the equations: 

po = 2k log a 3 5ele 

to = 2 x (bp? - 0°) 3.19 
3 

where po is internal pressure able to produce plastic deformation 

of tube without the presence of torque; to = torque vable to 

produce plastic deformation of tube without the presence of internal 

pressure; a= internal and b ~ extérnal radius of tube; 

k ~ maximum shear stress, 

Noting with p a certain internal pressure ond with t c torque 

which has a value corresponding to p in such a way that together they 

can produce plastic deformation of tube, they found the equation: 

e AS Je 

This expression gave satisfactory results with a limit of error of 

only 2% approximately. 

Fron the above results it may be deduced that the 

internal pressure affects the behaviour during deformation by 

torsion, 

Rosserd and Blain (53) measuring the torque using 

various values for strain rate found that at 1200°C (for steel) 

by varying the nunber of revolutions per minute from 0.24. to 697, 

an incresse in torque wags noticed of about 5 times, This experiment 

implies that because there is a big difference in strain rate 

between specimen axis and its surface a big difference in resistance 

to deformation also exists. 

Considering the results of Dewis, Crossard and Hill and 

Rossard and Blain it may be supposed that during defornation. in
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the presence of an axial force alongside of torgue an internal 

pressure may be created at the specimen axis which will affect axial 

stress distribution on the specimen cross section. 

In the light of * the above the following experinents 

were carried out to study axial stress distribution during the 

torsion test. 

EXPERIMENTS AND RESULTS 

Several types of experiments were used, 2s detailed below:- 

1. .Study of Internal Pressure that Appears in’ Specinen During 

Iwisting with the Presence of An Axial “oree. 

For this experiment hollow specimens with 0.588" 

external dianeter, 0.437" internal dianeter and 2" gauge length 

were used, made from aluniniun, They were held in the testing 

machine by using two special pieces * (1) and (2) fron Fig. 3.28) p76 

A pressure gauge (3) was used , attached to piece (2), end the 

whole assenbly filled with oil, The specinens were deformed by 

twisting until a steady state of internal pressure was obtained, 

The deformation was carried out in two ways: starting first fron 

an initial pressure of zero and second starting from an initial 

pressure greater than the steady value reached during the first test, 

at 
About the same pressure was obtained in both cases;the steady state of 

deformation. This experinent was repeated on specimens by using 

various values for exial force, having the order of magnitude 

corresponding to those which appear in steel at high temperature. 

For a better appreciation of this test and in order to
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make comparison with the results obtained by Dewis the equation 

3.18 wos used in the forn, 

p = 2k log ® 3.21 

where p is internal pressure which appears during defornation; 

ce = coefficent which takes account of the presence of 

axial force and torque; 

k, b and a have the sane significance as in equation 3,18. 

The value of o was caloulated by using the equation 

3.21 re-written in the forn: 

oe = 3a21,0 
2k log -. 

The value of k was determined in the conditions of 

internal pressure p = o and axial force a = 0. 

In Fig. 3.29 the variation of tho coefficent ¢ with the 

: wy i Fe x : 7 
ratio = is shom ( % being true axial stress and ¢ true 

& 

shear stress). 

Fron Dewis results, taking p = 2 Cp (he considered a 

nedium value for 5, Gy ees ) and caleuleting the value of k fron 

principal nornal stresses (given in Table 3,3) using the equation 

(5, “b> Yrs “Ge af age Sy _ = Oks 3,22 

the value of c against the ratio 2 is shown in Fig. 3.29, too. 

Fron Fig. 3,29 it appears that the two curves fit 

together quite well, and that the value of c is independent of 

material and specimen size; therefore this experiment was not 

continued by using specinens with other dimensions,
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2. Measurement of Tensile Stress 

For these tests solid specinens with 13" length, 

% and 3" dia. were used together with hollow specimens of 13" 

length, 2" external diameter and. 2/16" and 4" internal diameters, 

These dimensions were selected to make comparisons . between axial 

stress present in wrious places along the specinen radius. 

All specimens were machined fron mild steel (steel 1)... the 

experinents were carried out at 75 vev/min in the temperature range 

from 800 to 1300°C (except hollow specimens which were only tested 

above 900°C), For comparison the value of maxinun axial forde 

which appeared was chosen together with the corresponding torque 

at that point along the number of revalutions axis. Variation of 

maxinun axial force and of maxinun axial stress with temperature 

are shown in Fig, 3,30, 

Considering o medium circle on the cross section such 

that the area inside is equal to that outside, the variation of 

axial stresson this circle with specimen radius, for various 

tenperatures, is shown in Fig. 3-31. The specimen length and the 

nunber of revolutions per minute are the same for all specimens but 

their diameters differ and this produced different true strein 

rates. In Fig. 3,32 and 3033 are plotted the variation of 4 

against temperature and against specinen radius respectively for 

various temperatures, 

a Metallographic Study on the Specinen Cross Section in Various 
Stages of Defornation 

For this test specimens of 3" dia. and 15" length made
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from steel 1 were used, The deformation was effected at 75 rev/min, 

The specimens were quenched at a desired stage, immediately stopping 

the defornation. The structure from outside, mid-radius an? 

specinen axis after defornation for 4 turns and 13 turns respectively 

for the specinens tested 2t 600°C aro show in Pig. 3.3%. This 

tompcrature was chosen beceuse both types of force appear; compression 

at the beginning and tension towards the end of deformations, The 

variation of borque and axicl foree egainst the number cf revolutions at 

the ab temperature is shovm in Fig, 5,35 and of the ratio id in 

Fige 3.36. 

DISCUSSION OF RESULTS 

Fron Fig. 3.34 it appears that at the specimen axis 

alnost no deformation occurred even efter 13 turns. Comparing 

the change in structure with the change in axial force fron turns 

to 13 turns it appears clear that compression force is associated with 

substructure fornetion. No appreciable difference can be seen in 

the structure near the outside surface after 4 turns and 13 turns. 

Thus the cegree of grain Ceformation decreases with tine, ».nd an 

increase in grain bowmdary sliding (subgrain boundaries probably 

behaving as grain boundaries) gives axial tensile foroe. 

Neglecting any defornetion at the specinen axis the yoriation of 

axial stress cross the specimen section would be expeoted to have 

the form shovm schematically in Fig. 3.37. Hence, during 

progressive stages of deformation the factor which produces tensile 

force has a bigger and bigger effect outside whilst that which 

produces compressicn acts only inside the specimen up to a stage when
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fig-337. Scheme of anal stress voriation olong the 
er eG Sodus in various stoges of Gefor- 

  

   Specimen 
OXIS 

a) &) oy 

f9-3.58 Scheme of rodlal and oxiol, stress variation 
olong the specimen radius i yorious Condli- 
tions of testing. 

  

       peaimen ; : 
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fig.339. Scheme of temperature Aistribution otong 
the specimen roblius in various stages of oe- 
formation. 
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it begins to decrease, 

Using the coefficent c from Fig. 3.29 and the equation 3,21 it 

appears thet a compressive stress is present at the specimen axis due to 

radial stress too, regarding f, = pe But because the value ef c is 

quite small, the radial stress has a sensible value enly at the 

specimen axis, its variction along the specimen radius being 

schematically such as in Fig. 33358. Combining the pattern shown in 

Fig. 3.37,4 with the variation of redial stress from Pig. 3.38,2 it appear 

that at the specimen axis it is possible to have « compression stress 

even while at the outside « tensile stress is present. In these conditic 

the axiol stress distribution on specimen cross section, when a tensile 

force is measured during twisting ond the specimen length remcins constant 

could be such as in Fig. 3.38,b. 

The presence of a compressive stress at the specimen axis and 

tensile stress outside can also be deduced from Fig, 3.3@,a. In this 

figure the axial tensile force for hollow specimens (with 2/16" 

internal diameter) deformed at 16006 is bigger than fer a solid specimen 

of the same external diameter deformed at the same temperature (the 

area of the solid specimen being greater than that of the hollcw specimen) 

The °ifferences in stresses, betieen the ratio wy from outside and 

inside for solid snd hollow specimens respectively, decrease when the 

temperature rises. Furthermore, between 1200 — 1300°C the ratie 

fer heilow specimens is about the same as for solid specimens 

with the same externol diameter. This shows that by incrensing the 

temperature the deformation takes .lace ot the specimen axis too, but 

of a nature that produces tensile stress. Under the conditions ef
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defornation at temperatures above 1100 - 1150°¢ after a relatively 

large number of revolutions. axial stress distribution nay be 

such as in Fig. 3.38,0, showing the existence of a tensile stress even 

at the specinen axis, although of course this would have a nuch 

smaller value than at the outside. 

Comparing the variation of axial force with temperature 

for solid and hollow specinons fron Tig. 3.30, the variation of 

the ratio = with the nunber cf turns from Fig. 3.36 and the 

structural changes fron Fig. 3.34, it appears that the breakdown 

of the grain structure occurs in nild steel with less and less 

intensity up to 2 temperature of about 1150°C. iibove 11.50°C this 

phenonenon becoties less inportent in creating compressive force. 

Hence, above 1150°¢ a tensile force appecars alnost from the 

beginning of deformation in nearly the whole cross seotion of the 

specinen and exists at about the same value of & throughout the 

deformation. 

The -xial stress distribution discussed above and shown 

schenatically in Fig. 3.38 nay be accepted as one of the conditions 

of the test, and regarded in the sane voy as constitution, content 

in impurities and strain rate over the whole cross section. However, 

these conditions of stress distribution probably do nct renain 

constant. During deformation, due to the energy required for 

defornation, the tennerature of the syecimen increases, Because 

the development of heat in the specinen is proportional to the energy 

required for defornetion, it follows that near the outside the 

tenpernture rises faster thon inside, and after a few turns it
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will be distributed on the specimen cross section such as show 

in Fig. 3.39,0. But because the temperature will be greater outside 

heat will. be conducted to the inside and also lost from the outer 

surface by radiation. After a certain nunber of turns an 

equilibrium nay be reached at o particular position between the 

loss in heat and its generation. At this stage of defornation the 

tenperature distribution scross the specimen section will be such as 

in Fig. 3.39,d. The maxinum temperature across the section will 

then tend to move further inside the section, Going on in this 

way, after « large number of turns it may be considered that the 

highest temperature will be near specimen axis, such as in Fig. 3.39,c. 

Because the energy required for deformation decreases and the 

coefficent of heat transmission by radiation increases with 

increasing the temperature, the first distribution (a) will be present 

at relatively low tenperstures ond smoll number of revolutions, the 

second at higher temperatures and larger nunbers of revolutions, and 

the third at very high tenperctures and very large number of 

revolutions. Of course, distribution of tenperature in the way 

shown above is purely relative, and would also be narkedly influenced 

by strain rate. Although the strain rate nay change the values of 

axial stress it would not alter the shape of the curves shown in 

Fig. 3.38. 

Due to variation in temperature and possibly composition 

across the specimen section, a varistion in phases present at a 

particuler temperature may also be possible, It was shown before 

¢ ee 
that on passing fron -~ to ¥" range a steep change in axial
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force occurs, Hence, a variation in temperature and phase content 

nay alter the forn of stress distribution across the specimen 

section. Of course, this effect would only be pronunced: in-... 

the vicinity of the transfornation range. 

Another faotor which nay also affect stress distribution 

across the specimen section is the nonmifornity of temperature 

along the specinen gauge, Even if nonunifornity is not present 

at the beginning of deformation it may appear during deformation. 

It has already been shown that due to deformation the specimen 

temperature rises and becones higher than its surroundings and, 

in particular higher than the shoulders of the specinen. A 

greater loss in heat occurs near specimen shoulder and the 

temperature will thus be lower than at the mid-gauge, as shown 

schematically in Fig. 3.40,a. The difference in tenperature will 

result in inhomogeneous deformation along the specimen gauge. 

The torque T has the sane value in sections I and II, so fron the 

equation : 

beh, 
Ta wee | Oy F ——: OF 3425 

anit b 

  

where ry and Tir are the specinen radius in the sections I and II; 

> 
Gyr ane (rr ~ shear stresses in the sections I and II, 

it is clear that beecuse ret (at the beginning of deformation) 

~@ _ must heave the sane value as ‘o, «, 
t air 
Gz = FF (EL J t, ) 3.2h,0 

Sq? # CG, / ty, ) 522hyd
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fig:3.41. Specimen detormed/at 1200°C in special 
conditions. 
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where ty and tar are tenperatures in the section I and II. 
ae ones 

f} _ and Gr ~ strain rates in the section I and ITI, 

b 

EI
 

8 will be greater the ¢ 
Ir? a Te 

Because the ratio -2- increases with temperature (for solid 
ie 

specimens) and at high temperature elso with strain rate it is to be 

expected that Sz (corresponding to the conditions in seotionZ) 

would be smaller then &y (corresponding to the conditions in 

section II), However, during defornation the axiel force must be 

the same along the whole specinen gauge, so that true axial stress © 

will be bigger than © , in the section I ang smaller than & ir 

in the section II, varying along the specimen gauge as illustrated 

in Fig. 3.40,b. 

The difference between the real axial stress % and that 

corresponding to the true conditions of testing will produce 

ale 

elongation in the portion A (where ( > 6 and compression in +2 

the portion B (where & < oy ). This implies that during 

defornation in the presence of on axial force, due to the 

difference in temperature between the section I and II, V7 tends 

to Cecrease and ¥ rr to increase. In Fig. 3.41 is shown such a 

specimen, deformed at 1200°C with 480 rev/nin, In this instance 3 

in order to create os bigger difference in tenperature between the 

sections I and II, the current for high frequenay heating was 

stopped when the deformation began, Alterations in dicneters of 

specimens can often be seen especially in the temperature range of 

1100 - 1200°C after a fairly lerge number of revolutions, This
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phenomenon appears usually in this temperature range because a 

difference in temperature along the specimen gauge is possible 

(the energy required for deformation being high) and a ‘high 

ty 

ratio +: exists. In this special case axial stress distribution 
& 

on the specimen cross section would be such as is schematically 

shown in Fig. 3.42. 

CONCLUSIONS 

1) The equations for axial stress distribution given in the 

theory of the plasticity, valied for ideal naterials, cannot be 

applied in a simple way to hot torsion testing. 

2) Axial stress on the specimen cross section starts from outside 

and develops towards inside. The value of tensile stress at specimen 

axis is smaller than at the surface and,at lower temperatures and 

snall numbers of turns, it may even be of opposite sign i.e. in 

compression, 

3) Axial stress distribution may be altered by the differences 

in temperature across the specimen section and along its length, 

which nay be created during deformation, It may also be influenced 

by differences in phases content, composition and strain rate, 

but in general to a nuch smoller degree, 

4) The difference in stress nagnitude and distribution, 

created by the difference in temperature along the specimen gauge, 

nay result in nonunifornity of deformation and consequently a change 

in specinen geonetry. 

ees Axiol Force Influence on the Hot-Workebility Measurenent 

It is well known that any metal will sustain a higher
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rate of deformation if deformed by compression than by tension, 

Bridgman (20) Ceforning specimens by tension and conpression 

under high hydrostatic pressure at roon temperature observed 

thet the ductility increased almost linearly with increasing 

hydrostatic pressure. Making tests by torsion combined with 

compression he also observed an inoresse in ductility for 

cast iron, Hughes (45) using torsion test for hot-workability 

neasurenent, observing that the ductility of the tested steels 

fell at temperatures at which in tensile tests it still 

increased, suggested that, with other factors, the presence of 

exiel force during twisting any be responsible of this decrease in 

ductility. Guenssicr and Castro (47) stated that the torsion test 

has many advantages for hot-workability mneasurenent, but because 

of the presence of axial force, with various value for different 

naterials, the test cannot give true values for ductility. 

Although it was agreed that axial force may have sone 

influence on the hot-workability neasurenent by torsion, no study 

was made on this aspect, 

Two questions arise fron this problem, nanely:~ 

1) To what extent does force affect the results of hot ductility 

neasurenent, and is its influence sanll enough to be neglected? 

2) If axial force cannot be neglected how can it be taken into account 

for a better expression of the hot workability measurement as 

determined by the hot torsion test? 

EXPERIMENTS, RESULTS AND DISCUSSION 

To study the first question noted above, specimens of
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3" dia. and 15" length ond 4" din, and 1" length were used, made 

from steel 4, A batch from the first size was deforned at 900°C, 

and the second size deforned at room temperature, The snaller diameter 

had to be used for roon tempernture tests due to limitations of 

stress measurenent on the testing machine. Larger sizes at higher 

temperatures enabled more accurate measurements to be made. Ai 

few specimens of thofirst size were also deformed at 700, 800, 1000 and 

1100°C. For defornation at room temperature the torsion was 

conbined with tension and compression. For deformation at high 

temperatures the torsion was conbined with tension only because when 

no axial force was present the specimen became shorter; no successful 

test could be made with applied compression. Axial force both at 

roon temperature and high temperature was chosen such that values 

for = were obtained corresponding to those that appear during 

deformation at high temperatures (maximum 0.45). The steel used 

had a characteristic that its ductility was relatively low, the 

greatest number of revolutions to failure being 21 at 900°C. 

Fron the above experiments the nunber of revolutions to 

failure and elongation were plotted as a fimction of axial force 

Gindicatod by + ). These values are given in Fig. 343,02 for the 

test made at 900°C ond in Fig. 3.43,h for the test made at roon 

temperature. In Fig, 3.44 is shovm the variation of the ratio oF 

Sainst the ratio SG, (Al being the elongation and n - the 

nunber of revolution to failure), The specimens deformed at 900°C 

with various values of oxial force are shown in Fig. 3.45. 

Fron the above results it can be seen that the number of
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revolutions to failure vary appreciably by varying the axial 

force. Hence, for a more reliable evaluation of hot-workability 

neasurenent by torsion test it is clearly necessary to take 

account of the axial force influence, 

With a certain degree of approxination it should be possible 

to combine the defornation obtained by torsion with elongation, using 

an equation of the forn; 

Mapes Sa Ge 3.25 
ee eneecnttgemsnndts “fm yoo 

tes Ce 
where cdo and lo are initial dimensions of the specinens; 

dx and 1x - nedium dinensions of the elongated specimens; 

Allx - elongation for given conditions; 

no = nunber of revolutions to failure for A lx = Os 

nx = number of revolutions to failure for Alx; 

o. - coefficent,. 

The coefficent C) nay be calculated with the equation 

H.25 put in the foun 

tf %o ( done ag NX ) 
GC = —, ee 025,28 

ye ee 
In Fig, 3.46,0 is shown the variation of the coefficent C, 

  

LPs, 
Cup Xe 

with the ratio = . Fron this figure it can be seen that Cy 

increases when al
 
ol
y 

increases. Thus on increasing the ratio Org there 

‘is an increase the nonuniformity in deformation, In fact, reference 

to Fig. 3.45 reveals that for high values of & a neck appeared, 

Hence it would be better not to use the values of 4 1x neasured 

directly for calculating Cy but a fe is” corresponding to reduction 

in area. For this purpose, considering the specimen volune
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constant during defornetion, from the relation 

V = Aolo = Axlx 3.26 

where fo and lo are initial area and length; 

Ax and lx - area and length at a given noment, can be 

obtainec a connection between the elongation ratio ty and 

¥o 
: . < Ac : . 

reduction in area ratio «— in the following way:- 

  

A x 

fio = ho = a — ee 

Bes Ak + AO ho fo - Ao ~ Ax L-~ ‘e 

Ao Lo 

9 3 fu
 

ix = lx + lo ~ lo jo+ix-lo=l1l+eé 

Lo -Lo lo lo 

fron.which 

fa J =~ 1 
Nw 

  

Lat ip 
and hence: = 

Ae <a) io 3.27 
(1- ye ) : 

The variation of en (calowlated with the equation 3.25,a 

: yaks ; oo ee : by using A lx” instead of 41) with the ratio S- % is show in 

Fig. 3.46,b. Caloulated in above conditions C, does not vary 

nuch with Yoo and in this wey a connection between the number 

of revolutions to failure and clongstion may be possible. 

When tho specimen is fixed curing deformation by torsion 

no elongation occurs but en axinl force eppears which can be 

sessure’, Suppose that the normal state of the»specimen is when 

axial force is zero, as it is when wmrestrained. In thisstate of
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course a change in length occurs, but it is a reasonable assumption 

that this change in length is proportional to the ratio SZ. 
Qa 

Ta this way ¢: 1 may be calculated knowing the value of Ye using 

i11's equation (78) of the forn 

aes 
BEL ore 3,28 

bo a... 

where r is the specimen radius; 

ag  - the change in the angle of twist; 

dl —- the change in the specimen length. 

Because Fig. 3.44. shows that the ratio AY varies 

ith the ratio “e alnost linearly, it msy be approximatly true to 

CApresss= 

oy ae 

It has already been shown that the equation 3,28 was deduced 

“eclecting the radial and circumferential stresses, and in such special 

conditions does not fit. For instance, fron the equation 

Ex= J [e [oy -Dse+ +59) | 3.29 

where Ex is elongation wtio; 

Gx, 6; and & 3 - axial, radial and circ¥mferential stresses; 

~~ 

y} ~ Poisson's ratio, 

in the condition when €x is 0; & x is not zero, hence Cp and tg 

cannot be zcro. Furthermore, because Gp and fy are acting, 

the real value of sf 1, corresponding to a ratio We is smaller 

than that ziven by the equation 3.28 and for calculating A 1; hence 

instead of the constant 3 a higher value needs to be used.
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It is net possible to determine precisely the 

™ 
yor 

valvos of 6s , Ge and ¥ (or sone equivalent ratio holding for 

plestic defamation rether than elastic), and deduce a precise 

O oqucti.on siniler to 3,28 with a suitable coefficent for thdése 

ins 
Oy 

¥ concitions, However, it is known that 7, Varies alnost 

linearly (for a given volue of r) with’z* , so the equation 

3.28 may be written in the forn: 

_ a8. = Ce ss 5600 

where C, is a coefficent which takes accowmt of al11 factors in 
2 

these specinl conditions of deformation. 

The value of Cy was determined in the following ways 

for a given temperature a specinen kept fixed was deformed 

y +4 S. ‘Al 5 ont the naGa0 “~ nessured (average values for torque and axial 

fores vere obtained as shown in Fig, 3.47), and another 

: ce 
specimen was deformed free and the ratio “446 measured, The 

coefficent Cy was then calculated by using the equation 3.30 

in the form: 

The voriction of C, with the ratio Yoo (determined at 

various temperatures) is shown in Fig, Fihey wniok shows that 

this coefficent varies with the ratio Soe alnost linearly, 

rising from just over 6 (at room temperature) to 8 at high 

temperatures where meximun values of He are observed. Knowing 

now the value of C, and neasuring the tatio the value of “ lx 
hes 

can he determined from the equation 3.30 written in the forn: 

ee 

ae G&
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If in the equation 3.25 instead of Gix we put its 

value from the equation 3,30,b we have 

T do 0. = T dy Bae oe C1 x a G : s 3e51 

+ v #. A, 2 € reg G 

When the specinen is fixed and its dimensions are 

ose C 
uchanged do = dx = 2r and lo += lx, Thus writing 1 =C and 

A 

C 

4G = 277i, ond inserting all the above values, in the 

equation 3.31. 

No =s Nx (1+ cz) 30326 

where io is the number of revolutions to failure which takes 

account of the axial force influence on ductility, 

Y) + the nunber of revolutions tc failure measured 

directly; 

C ~ coefficent which may depend on the material and 

ductility, and for the mild steel tested its value lies 

between 2.5 and 3; 

- average value of axial stress (positive for tensile 

stress and negative for compression stress); 

— = average value of shear stress. 

CONCLUSTONS 
1) Axial foree significantly affects hot-workability measurenent 

and in conditisns of high values of the ratio“ large errors 

result if it is neglected. The truco ductility of the steels used 

in which an axial force of tension appears during twisting, is 

grenter than that neasured directly, the oppesite vould hold in
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those neterials in which conpression force appears, Hence 

the truce peak of ductility ogainst tenpersture cxists at 

higher tenperstures then nornelly indicated by the torsion 

test for those naterizls at which en axicl tonsile force 

is present. 

2) An approyincte relationship between the nunpor of 

vovolutions to failuro and the ratio Ke can be 

xo. “Lished which nay be used to correct the results of 

,hot workability neasurencnt by torsion in the presence of 

an axial force, 

3.3 Mae Mode of Freeturc of Spocinens in tho Torsion Tost 

J RRODUCTION 

Tho results of Hughos (45), Tegart and Roynolds (50) 

rogarding manner of fracture are very complex. Fracture 

would nornally be expected to start fron the surface 

where the defornotion is greatest and it is therefore 

sonewhat surprising whon the frecture starts fron the 

intorior, The appoorance of erncks at the nid radius 

position night be attributed to axial stress cs suggested 

ty Hughes, but fron Togart cond Reynolds results it can be 

seen thet they also forn within the specincon in tho 

tomperature range 800 - 900°C where axiol foree has only 

a very small valuc. However, comparing the ductility 

variotion ogainst tenpersture with the mode of fracture cond 

taking account of tho fact that the temperature
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distribution may change over the cross section during deformation, 

which may produce changes in structure, oxial stress night well 

be associated with appearance of cracks, For example,with iron 

A (Pig. 2.31) the nunber of revolutions to failure at 870°C was 

about ten tines greater than at 700°C, and about twenty times 

that at 920°C. - Allowing that the temperature varies on the 

specimen cross section during deformation,cracks will be oxpocted to 

appear first in that place where the temperature corresponds to 

the lowest ductility. Reynolds and Tegart suggested that the 

cracks appearance inside may be associated with phase transformationg 

but it is surprising that the cracks appear inside also at 

temperatures over 1100°¢ in pure irons,where no phase transformation 

occurs, and in sinilar Manner as in Hughes! experinents. 

The fact that cracks appear in torsion testsin this 

conplex way even though they may be explained for the temperature 

range 800 - 850°C for pure irons 46 “Measong) for their appearance 

at tenperatures over 1100°¢ in some steels only is still obscure, 

However, fron tho above results it may be concluded that three 

main factors could be responsible for the fornation of internal 

cracks, vizi- 

1) Phase transformation, 

2) Axiol stress distribution. 

3) Fibre structure, particularly in relation to impurity 

content. 

The first factor seems to be quite clear and may explain 

in the above way why the cracks appear inside in the temperature
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range where @-~» % transfornation takes plone. With regard to 

the second factor it has already been shown that in these 

conditions of deformation the axinl stress is not usually 

groatest, as supposed by Hughes, at the specimen axis, but 

at the outside. Although the ductility is affected by axial 

—— 
force differences in the ratio ¥ across the specimen section 

(due to mincr factors olready shown)it camot be such as to cnuse 

the fracture to start from inside, and this cannot be the nain 

reason. It could be that the difference in inpurities or inclusions 

between the inside and outside causes the material to behave 

differently in the two places. This factor nay also be associated 

with oxial force and the change in orientation brought about by 

the twisting. 

EXPERIMENTS AND RESULTS 

Speeinens with 3" dia, and 14" length made fron steels 

1 anc 2 were used, In specimens nade from steel 1 the cracks 

appeared first outside up to about 1150°¢ and nround 1200°C 

they appeared first inside. In Fige 3.49 ps shown three specimens 

with their longitudinal sections, which were deformed at 750, 950 

and. 1220°C respectively at 75 rev/min. In specimens nade fron 

steel 2 the cracks started from outside at all testing temperatures and 

no interior cracking was dctected of the type show for steel l. 

The crackswhich started from outside in Steel 1 were 

approxinately perpendicular to the specimen axis and were not 

continuous around the specimen but tended to Rie on a helix when 

well developed. Eventually these extend, linktogether and produce
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the frecturc, The number of turns of the helix along the gauge length 

was equal toor multiples of the number of revolutions used for 

deformation. Cracks developed on a specimen deformed at 750°C 

can be seen in Fig, 3,50 

Electron prohe nicroanalysis of the outer region of the 

specinen deforned at 750°C showed that the cracks were not associated 

with segregation of manganese, silicon, sulphur or phosphorus, 

all of these elenents being quite unifornly distributed as show 

in Pig. 5.51 for manganese,which is typical of the results also 

obtained for silicon, sulphur and phosphorus, 

To study the cracks which form in the interior the following 

experinents were nade:~ 

1) <A specimen was deformed at 1200°C at LS rev/min. After 

cooling a longitudinal destion ne the specimen axis was teken 

to observe the cracks formed along the specimen, It was found 

that individual cracks started and developed fron points where 

inpurities were agglonorated. In Fig. 3.52 such a crack is shown 

which forned by joining two points and another one which is 

developing in the same manner, Microanalysis showed that these 

cracks are associated with manganese snd silicon rich regions. 

No increase in sulphur or phosphorus could be seen in the region 

of cracks such as shown in Fig. 3.53. 

2) fA specimen was deformed at 1200°¢ at 75 rev/nin and after 

32 revolutions (about 4 from the number of revolutions to failure) 

an external axial force about 4 kg greater than that which appeared 

during deformation was applied, causing extra elongation to take
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Electron Image 

    
    

  

Sihcon Distribution Manganese Distribution 

    
Sulphur Distribution Phaspharus Distribution 

Fige 30556 Electron image and manganese, silicon, 
sulphur and phesphorus distribution in the 
oracks region of the specimen deformed at 
1200°¢ (300)
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place, This resulted in cracks appearing along the specinen 

axis as in Fig. 3.54,0. In Fig. 3.54,b the etched macrostructure 

of a specinen deformed normally ct 950°C is also shown, from which 

it will be observed that the fine grained bands and the fracture 

itself exhibit an alnost identical pattern to the cracking developed 

when the extra axial force wes applied at 1200°C. 

3) A specinen wes deforned at 1200°¢C with 196 rev/min, After 

30 revolutions the heeting current wes decreased in order to 

crente o difference in tenperature between the regions near shoulder 

and the mid-gauge after which an axial force of approxinately 3 kg 

nore thon that which was already present was applied, again 

causing slight elongation to take place, Tho distribution of 

cracks fron near shoulder (on tho left) towards the middle of 

gouge (on the right) are shown in Fig. 3.55. 

DISCUSSION OF RESULTS 
The fact that the cracks from outside are orientated 

perpendicular on the specimen axis and are not associated with 

impurities shows that they are produced by shear stress and 

appear after a certain number of revolutions corresponding to 

the ductility of the material in this place. However, the 

fact that they forn sometimes on a helix shows that various 

layers along the specimen length (before twisting) may have 

different content in certain elements which causes different 

behaviour on deformation ‘fron the remainder, Fron 

Fig. 3.49 iB may be deduced that the differences in deformation 

between these banded layers is greeter in the temperature range
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800 = 1000°¢ than at the temperatures over 150°C. 

Fron Fig. 3.54 it can clearly be seen that there ix 

a connection between the cracks which form inside and the 

reorientated fibre structure. In conjunction with Tig. 3.53 it 

would also appear that these cracks are associated with manganese 

and silicon. It is to be expected that more inclusions would 

be present near the axis of the bar, and the above results confirm 

thet there is more manganese and silicon inside than outside, and 

this affects the ductility over 1150°C toa marked degree. 

Cracks appear at the specimen axis when a: higheraxial force 

than usual appears during deformation, which reveals that these 

cracks are very sensitive to axial force, being fully in agreement 

with Hughes! suggestions, Furthermore, because these cracks appear 

at temperatures over about 1150°C it follows that the ductility of 

these layers in this temperature range become very much reduced 

compared with the rest of material. Hence, when the uniformity in 

deformation of the various layers increases near the surface 

at higher temperatures, it apparently decreases inside. However, 

this also implies that sone elements or inolusionsare responsible 

for lowering ductility in the verious layers outside at lower 

temperatures and others inside at higher temperatures, This 

conclusicn . agrees with the :pattorn of distribution showy 

in Pige 3.51 and 3.53. 

From Fig. 3.55 it can be scen that cracks fron the 

specimen oxis are present near the shoulder (where the tensile
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stress is higher at the axis),but spread out towards the nid 

gauge (where the tensile stress value is lower at the axis 

corresponding to stress distribution shown in Fig. 3.38 and 

3.42). Thus it seems thet cracks appear usually on both 

sides of specimen axis due partly to the fact that at the specimen 

axis axial stress has a snaller value than at the mid-radius, 

being in full agreement with stress distribution already 

discussed in the present work, However, Fig. 3.54 shows that 

fibre structure reorientated by twisting is not quite transverse 

to the specinen axis as it is outside, and because of this the 

axialregion is less senzitive to axial stress than the outside, 

This explanation is also in agreement with Hughes! suggestion 

regarding the mode of cracking, 

From the above results it is to be pointed out that the 

cracks which form in the interior are first due to impurities end 

second due to axial stress, Hence, materials with high contents 

of manganese and silicon at the specinen axis may crack at the axis 

after a relatively large number of revolutions and the ductility 

neasured will be largely determined by the type and distribution of 

impuritics, 

Fracture in speoinens deformed by torsion exhibit 

characteristics not only across the specimen gauge but also along 

it. In the experiments made the specimens quite often broke 

near the shoulder, Two ranges of temperatures were foud where this 

kind of fracture occurred, 

1) In and near & —»¥ transformation range
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2) Between 1100 ~ 1250°C 

One explanation could be found for both ranges of 

temperature, namely the difference in temperature developed along 

the specimen gauge during deformation. I£ wos shown before that 

during defornation the temperature increcses nore at the nid- 

gauge anc less near shoulder, Hence, near the transformation 

range where the resistance to defornation imoreases ond ductility 

decreases steeply with rising temperature, the fracture may 

readily stcrt from near the shoulder. In the temperature range 

1100 = 1250°¢ due to difference in temperature along the specinen 

gauge « different oxial stress distribution is present near 

the shoulder and at the mid-gauge (Fig. 3.42). For materials 

with high ductility the fraoture will not start from the mid~gauge 

where the deformation is greater but from inside near shoulder 

in a section where . oonhination of shear and tensile defornation 

becomes critical. This type of fracture is therefore due largely 

to tensile stress and shows the marked effect that axial stress has 

on ductility measured by torsicn. But because this fracture depends 

on axial stress distribution nesr shoulder and nidegauge, which 

in turn depends of the differenoe in temperature along the 

specinon gauge, it follows that the bigger this difference in 

temperature in the presence of high v-lue of oxial stress the 

greater is the possibility of the fracture occurring near the 

shoulder. Because the tempernture gradient will become steeper 

with increasing strain rate end nunber of revolutions tc failure, 

it slso follows that this type of fracture arises only in these



  

conditions of testing, 

The difference in temperature along the specimen gauge 

also depends on the ratio 4 of the specimen (Fig, 3.11). The 

bigger this ratio the greater is the temperature gradient along 

the specinen gauge, (the loss in heat fron gauge to shoulder being 

proportional to this retio). For this reason the ratio AA should 

be kept as snall as possible, consistent with confining the 

defornation to the gauge length. 

It was shown before that this type of fracture was 

observed only at temperatures above 1100°¢, Three oxplanations 

nay be put forward to explain its appearance in this range viz:- 

1) an increase in tempersture during deformation is possible, 

due to the naterial still heving 2 reletividyhigh resistance to 

defornation and requiring appreciable energy which changes into 

heat; 

2) a relative}yhigh axial tensile stress is present; 

3) a steep rise in ductility occurs by increasing the 

temperature, hence, at the mid-gauge the ductility is higher than 

near shoulder, 

Between 900 and 1100’C the defornation is quite uniforn 

along the specinen gauge and the fracture -_y start fron any 

place, 

In Tig. 3.56 three specinens are shown which exibit the 

three types of fracture discussed above. The upper sp ecinen 

(Fig. 3.56,0) was deforned at 800°C and the fracture started fron 

both sides near shoulder, The niddle specinen (Fig. 3.56,b) was
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deforned at 950°C, the deformation being quite miform, and 

fracture started in several places. The lower specimen (Fig. 3.56,¢) 

was deformed at 1150°C, producing in 2 change in its shape and 

fracture starting near the shoulder. The first two specinens 

illustrated were made fron steel 1 and third fron steel 2. 

CONCLUSIONS 

1) The cracks which appear outside are due to shear strain 

as a normal consequence of defornetion when the maxinun 

ductility is attained. When they appear in a helical forn it means 

thet there are lnyers with different oontents in certain elenents 

which give then a lower ductility compared with the rest of the 

naterial. This roduction in ductility is particularly apparent at 

lower tenperatures (below 1150°C). At higher temperatures the 

difference in ductility betwoen various layers outside seens to 

be nuch less. Cracks starting from outside are not gssooicted 

directly with mangenese, silicon, sulphur and phosphorus rich 

regions or phases. 

2) The cracks which form inside at temperntures over 1150°C 

are associated with manganese and slicon inclusions and tend to 

lie along the reoricntated. fibro structure, These cracks are opened 

up by tensile stresscs which nay cause them to develop into large 

cavities. Tx fact that the cracks appear at about the mid-radius 

shows that these specinens mde from rolled bar were richer in the 

above elenents towards their axis, ond the manganeseand silicon rich 

inclusions are Waeker and less ductile than the matrix in this range
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of temperature, The cracks appear usually in both sides of specimen 

axis due to two main reasons: 

(2) at the specimen axis tensile stress has a smaller 

value than at the mid-radius, hence this place is 

less susceptible to crack initiation and development; 

(b) the original fibre structure is less reorientated 

at the specimen axis compared with the outside, 

hence axial stress does not act perpendicular to 

the fibre structure as it does nearer the outside. 

3) In the temperature range where transformation A->Y occurs 

and near it and also between approxinmatoly 1100 - 1250°C the 

fracture often starts near the shoulder. This kind of fracture is 

due to a difference in temperature between the mid-gauge and near 

shoulder. In and near the transformation range the fracture appears 

near shoulder because a2 small variation in temperature results 

in a big difference in resistance to deformation or in ductility 

between the two places. In the temperature range 1100 ~ 1250°¢ the 

fracture starts near the shoulder due to variation in axial stress 

distribution and also due to difference in ductility between the 

two places. 

In order to create a smaller difference in temperature 

along the specimen gauge during deformation the ratio of shoulder 

Cinanotor tc gauge diameter of the specimen should be as small as 

practicable.
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34 The Influence of the Specinen Size on the Hot Workebility 

Measurenent 

Introduction 

Many investigxtors hive studied the influence of 

speoinen size on hot-vorking charactcristics of their BONSALL 

notebly Hughes (45), Reynolds «nd Teg-rt (50), 

Hughes tested specinens of $" ana i" dianeter 

having the sane length and deforned then at various speeds, 

at varinus tenperstures, his results being shown in Fig. 2.28, 

Fron this figure if the ratio! 4 45 usea (a being the speeimen 

dianeter, 1 - its length ani m - the nunber of revolutions to 

failure) it sppesrs thet by increasing the speoinen dinneter 

the ductility increnses, 6n the basis of experinents with a 

steel which exhibited higher duotility on incrensing the strain 

rate up to a certain temperature, he connected the increnent in 

ductility due to increase in specinen cinneter with the rise in 

strain rate which was valid for the sane nunber of rev/min). 

Reynolds anc Tesart used specinens of various dianeters 

but the sane ratio Ga » and also with the sane dinneters and 
e 

various ratios YA - Their results for specinens with the sane 

dinmeter and different ratios ceforned at various temperatures 

are fiven in Tcble “,Vi., Fron their results it appears that there 

is no proportion between the ratio 4 and the number of 

revolutions to failure, 

© Because Hughes did not maintain the same strain rate 

when he varied the specimen dianeter, the increment
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in ductility could be attributed to the increment in strain rate, 

Reynolds and Tegart did not specify whether or not they kept the 

stroin rate constant by varying the ratio Y; but they elsined 

that strain rate and specimen size affect the ductility, Hence, 

the influence of specimen size on the hot-workability measurement 

is not known for conditions of the same strain rate. Therefore 

this aspect was studied in the present work taking account of the 

previously obtained results. 

EXPERIMENTS AND RESULTS 

To study the influence of specimen diameter on the 

hot workability measurement two sizes of specimens were used; 

of i" ond $" diameter, Both of them had the ney = he. 

n this way for o given number of revolutions per minute the 

strain rate had the same value for both sizes. The specimens were 

machined from steel 2 anc deformation was carried out at both 

30 and 307 rev/min, The number of revolutions to failure against 

tempernture are given in Fig. 3.5/7. If is to be noticed that at 

125 °o all specimens with 3" diameter broke nesr the shoulcer 

whereas those of 4" diameter did not. 

For stucyingthe influence of the rati¢ jon the not 

workability measurement specimens made from steel 1 were used. 

Pisses 3n ie 1. Gt A 1 j Linh - Hore s LY, 160" anG 2.5" length... Thear 

length was chosen corresponding to the number of revolutions 

available oh the tersion machine gearbox at sneeds of 30,48 and 

po ; yee EY . 
75 rev/min in such 2 manner that 4 ee ce ae respectively 

1 = 1.6 = 2.5 , thus mointaining a constant strain rate during 

0 ue... 1p
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deformation, The nunber of revolutions to failure against temperature 

are shown in Fig. 3.58. In Fig. 3.59 the v-riation of the ratio 4 

agoinst the ratio £/] is show for 800, 1080 ana 1200°C, 

DISCUSSION OF RESULTS 

Looking at the Fig. 3.58 we s:e that -lthough the 

strain rate was the same for both sizes, corresponding to 2 given 

nunber of revolutions per minute, the ductility is greater for 

the specimens with larger disneter, at temperctures corresponding 

to the peak of ductility. It can also be seen that by increasing the 

strrin rate from 30 to 307 rev/min the duotility decreased.’ Thus:~ 

x) Comparing the variation of the ductility with tenpercture 

for both sizes of specimens and also for both strain rates 

suggests that the main factor which causes different values to 

be rede septa for hot - workability for specimens with various 

i caput may be the true temperature of defornation and during 

deformation the temperature increases more in specimens with larger 

diameter. Henoe, if two specimens start deformation from 2 given 

temperature, at the end of deformation the temperature will be 

higher in specimens with bigger diameter. This conclusion is reached 

by analysing the heat Gevelcspnent ond its loss during deformation. 

The heat Q1 which develops into specimen in a given time 

as a function of speoinen dianeter is 

iT C2 a? 

Ql = 01 nite 3e20 
ad 

where Cl is a coefficent which connects the heat with the energy; 

. a ues a C2 - the value of the ratio “/d 

1 =~ the length and 4 ~ the diameter of Specimen gauge, 

The heat Q2 which is lost in the same time cs a function of
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specimen diameter is 

Z (ory ewe ie Q% =Cl7 6,0 +c) ma 33h 
2 

divs : i, : : where C. is the coefficent of heat loss by radiation in a given 

tine from specimen gauge to external nediun; 

diab : é f ‘ Cy - the coefficent of heat loss by conduction in the sane 

time from specimen gouge to its shoulder, 

Fron the above equations: - 

1 = ox a 3.35 
%» 

oy i.e. the greater the specimen diameter the bigger is the ratio —= 3 
2 

henee the higher will be the real temperature of the specimen 

a-ring twisting for a given strain rato. 

2) Although the ratio “y cdecreases slightly by increasing strain 

rate fron 30 to 307 rev/min (Fig. 3.16) and the true testing 

temperature is higher for greater strain rates, both of which 

vontribute to the increase of ductility up to about 1100°C, 

the ductility actually decreased. It means that restoration 

processes occur at -. lower rate in this steel compared with 

steels of lower carbon content, for which in the above conditions 

of testing the ductility usually increases. In this way the strain 

rate effect on hot workability has to be taken into consideration 

from three points of view: 

(a) its effect on the increase in temperature; 

(b) its effect on the grain boundary sliding; 

(c) its effect on the competition between strain hardening 

and restoration process,
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3) The foot that all specimens of 3" dia, failed near shoulder 

shows that at this size the temperature increased more and a steeper 

gradient was oreated along the specinen gauge during deformation 

than in those of $" dia. This fracture also indicates that 

spceoinens with 3" dio. feilured prenaturely and their number of 

revolutions to failure should be greater than of those with ec ala a 

even at 1250°, 

It is known that rolled bars tend to be richer in 

impurities inside with consequent lower ductility; furthermore, 

in specinens nade from rolled bers the fracture sterts .sonetimes fron 

inside and develops towards outside ot high temperatures. From 

this point of view it may be ergued thet the smaller the specimen 

diameter the faster will the fracture occur , Hence, a rise 

in ductility by inoreasing the specimen diameter may also be due 

to this reason, 

from Fig. 3.59 it oan be seen that there is no great 

Sa pe 0s oe variation of the ratio “4 with the ratie 4 . Taking as a 

basis the specimen which had 1" gauge length it appears that by 

by 
ch 

fe Be 

the ratio “/ decreases slightly. The incressing the ratio 

nost likely reason responsible for this reduction in ductility is 

nonunifornity in deformation along the specimen gauge. This nonmiforn 

seens to increases with inoressing in the ratio vy and may be due 

to the following reasons:— 

(a) In any conditions of heating, by incressing the 

retiv Yi the possibility of produoing a bigger 

difference in temperature along the specimen gauge 

is also bound to iner:ase,
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(b) By increasing the ratio “/ the possibility of 

including portions along the specimen gauge which 

are weaker or have lower ductility than the rest 

of material, or even portions containing defects 

also increases. 

>) In the place where fracture occurs the deformation 

is a little greater than in any other place. This 

will contribute slightly to an increase in the number 

of revolutions to fagilure per the unit length nore 

for specimens with smaller value of yh and less 

for those with greater value for this ratio. 

However, the change in the number of fevolutions to 

failure by changing the ratio */{ is quite small. 

Some greater differences amy appear in the 

transformation range of temperatures where the results 

cannot always be so easily reproduced, 

CONCLUSIONS   1) Keeping the strain rate constant, increasing the specimen 

diameter usually resulted in an increase in the nunber of revolutions 

to failure. The main factors contributing to this increment in 

ductility seems to be the following:- 

(a) rise in the true testing temperature during 

deformation more for specimens with bigger diameter 

and less for those with smaller dianeter; 

(b) ductility in the outer part of the spedimens 
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machined from rolled bars is greater if the specimen 

diameter is greater, especially at higher testing 

temperatures, 

2) Keeping the strain rate constant, and also the specimen 

diameter, no major difference in the ratio + oscirs by 

arying the ratio yy e However, due to nonunifornity in 

: : 5 Sa geht es cee deformation along the specimen gauge, the ratio —- slightly 

decreases by measuring the ratio “he ° 

Near the trensfornation range of temperature where the 

fracture usually occurs near shoulder bigger differences in the 

ra) g ratio = may sonetimes be obtained by varying the ratio 7 e
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CHAPTER IV 

Hot-workability Measurement of Mild Steel & Nodular Cast Iron 

4e1 Hot-workability Measurenent of Mild Steel 
  

shnere are many data connected with hot- 

workability of steels in cast state end rolled or forged but they 

are not always in good agreement with each other, For instance 

Nicholson (82) who analysed various aspects of hot-workability, 

using many data obtained by many investigators, said that 

Conrad (private communication) showed thot by increasing the degree 

of forging the ductility increased in the line of forging but it 

had a mininunin tho transverse direction. Sone data determined by 

United Steel Companies indicate that the forging temperature for 

low alloy steel 2s cast is the same as for wrought but its 

ductility is generally lower, Nippes, Savage and Grotke (83) 

showed that the peak of ductility for highly alloyed steel hs cast! 

is. about 150°C belo, that “chon it hes deen ‘previously: - 

rolled, Kubodera et al (84) said that the ductility of specimens 

taken from the bottom of the ingot is lower than of those fron 

the top. 

The main purpose of this study wos to discover how exinl 

force and hot-workability are affected by prior deformation 

comparéce| with the sane naterial as-cast. The first aspect has 

already been analysed, so that only the second will be discussed 

here,



  

  

EXPERIMENTS AND RESULTS 
eee 

Pago Lyp1, 

An ingot slice 6" x 6" x 20" was used for cll oxperinents, 

cut fron tho centre section of the base of a 20" square ingot, 

Its composition is shorm in Tablo 3,11 (stecl 3). Fron this 

ingot threo piccos rere cut, fron 

(A,B,C, Fig. 4,1) which wore used 

cast state. Tho picces F and G wo 

reduction in aren and othor 

width ond extending in only ono direction, 

Oo 
were heated at 930 ¢ for 30 ninut 

The specinens 

state ond forged, as 

Str 
wong 3" diag 

in the order of increcsing nunber 

tenperature (for instence FLL wos 

and so on). For testing » 

The variation of 

.woinst tenpernture is shown in Fig. 4.2, 

slice B were deforned at 900°¢ to 

be oxpected across tho ingot slico, 

of revolutions to failure against 

Fig. Moe 

DISCUSSION OF RESULTS 

shov.n in Figure 4,1, 

and 13" gauge Length, 

both ends and fron the niddle 

for naking specinens in the 

re forged, onc with 30% 

with 79%, naintaining the sane 

After forging oll 

es then furnece cooled, 

were cut in two directions, as for enst 

Their dinensions 

The specincns were deforncd 

with incresso in tosting 

deforned at 800° Cy Fr2 at 900° C 

specd of 75 rov,’nin was used, 

the nunber of revolutions to failure 

All spccinens nade fron 

establish whet variction could 

The variation of tho nunbor 

specinon number is shown in 

Figure 4.3 reveals nonunifornity in ductility anong the 

spccincens cut cross the This indicates thet it is
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quite difficult to draw conclusions on specimens made from cast 

material, and it is not suprising that the results Biven by 

different investigators are not always in foot agreenent with each 

other. However, Fig. 4.2 shows that all specimens made fron 

as=cast material had a lower ductility than those made fron forged 

material, the maximum ntinber of revolutions to failure being 11 for the 

cast state and 21 for that forged 75%. 

The ductility increased in both directions efter forging 

with a reduction in area of 30%, and there was no significant 

difference between specimens cut longitudinally and transversely 

to the direction of forging, For material forged 7% the ductility 

increased more in the direction of forging and decreased transversely 

compared with the material forged 30%. 

The peak of ductility appeared around 1200°C for all 

specinens, showing that there is no difference in peak position 

along the temperature axis between as-cast and forged material, 

Axial force did not vary greatly from one specimen to another, 

egain indicating that there is no real difference in behaviour of 

the material in the conditions studied, The nain difference between 

the as-cast and forged states appears to be the number of 

revolutions to failure, being much greater for the wrought material, 

Although only . fow specimens were tested, the 

above results are in good agreenent with the data obtained by 

Conrad and United Steel Company, and also confirn. tint results on 

cast material tend to be conflicting,
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CONCLUSIONS 

1) The ductility of as cast material is much lower than of 

wrought and is nonmifora, 

2) By forging 30% reduction in area the ductility increased 

in both directions: longitudinally & transversvlycomparci with 

maveriol in the east stete.. By forging 79% reduction in area 

the ductility increased in the forging direction and decreased 

in transvers lydirection compared with forging 30%. However, 

the ductility in the transverse direction of specimens made fron 

the material forged 79% is still higher then of material in the'as 

cast'state. 

3) For all specimens tested the peck in ductility appeared 

around 1200°C which shows thet the degree of forging has no or 

very little effect on it in the steel tested. 

4.2. Hot-workability Measurement of Nodular Cast Iron 

Due to its improved mechenical propertics over connon flake 

graphite irons, nodular cast iron has become established as a 

useful. material in the building of machines, and consequently many 

studies has been carried out, a few of then concerned with its 

hot-workability. 

Chang et al (85) showed that the best range of temperature 

for hot-working of spheroidsl graphite cast iron is between 

700 = 1100°¢. However, even in this range the rate of deformation 

cannot be high, They also showed thot this material can be deformed 

more by compression than by tension. Vetiska (86) studying 

spheroidal cast iron end mild steel found thot noduler cast iron
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had a lower ductility than mild steel, 

The cin of. tLe present work was to determine the ductility 

of nodular cast iron in both east and annealed state, and how 

this material behaves from axial force point of view compared 

with steels, 

EXPERIMENTS AND RESULTS 

The material was supplied by B,C.I.R.A. in blocks 

2% x 2" x 9" having the following content: | 

Copbn 3.3%, 1.92% Si, 0.049% Mg, 0.996 Ni, 0.07% Cr, 0.015% Ti, 

0.0% Cu, 9.018% 8, 0.022% P, less than 0.01% Al, 9.0% Coy 0.02% Mo, 

0.01% V, 0.01% Sn, 0.01% As, 0.001% B, 0.0002% Pb, @.00% Co. 

Some of the blocks were annealed before testing by heating at 900°, 

for 7 hours and then furnace tooled. Four specimens were machined 

fron each block, the size being 2/16 dia. and 1£" gauge length. 

For deformation .« speed of 75 rev/min was used, 

The number of revolutions to failure against temperature 

for both as east end annealed conditions are shown in Fig. 4.k. The 

shape of the torgue/revolutions curves ws about the same for both 

states at any particular temperature, but it differed from lower 

temperature to higher, Axial force was also roughly the same. 

Iwo typical shapes of torque and axial force for materiel in 

annealed state deforned at 720 and 960°C) are shown in Fig. 4.5 

However, their absolute values were different. In Fig, 4.@ is 

shown the variation of shear stress (corresponding to the 

maxinum value of tonguc) with temperature ond in Fig. 4.7 the
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veriation of maximum tensile stress and mininun compression 

stress (corresponding to maximum and mininum axial force) with 

the same parameter, Because there is quite a big differente 

between the values of shear stress for the two states expecially 
- 

below 850°C, the variation of the ratio oywith temperature is 

also shown in Fig, 1.8, 

In order to see how this material behaves in 

conditions of torsion combined with tension and compression 

respectively a few specimens made fron as cast naterial were deformed 

without restraint by the grips and also with various values of 

applied axial force, The varistion of the number of revolutions 

to failure and elongation with the ratio a shown. in Fig. 4.9, 

DISCUSSION OF RESULTS 

After annealing the ductility of spheroidal east iron 

increased in the temperature range of 650 = 850°C compared with 

the cast state, but no big difference was observed between 850 and 

1000°C , In the annealed state the ductility appears to be 

slightly better than the as-cast even in the higher temperature 

range. 

The present results cre in agreenent with those of Chang 

for the annealed state only up to 1020°C, At 1060°C specinens 

nade from annealed naterial broke straight away, showing no 

ductility. It was the same for specinens made from cast material 

and deformed at 1050°C, The ductility of nodular cast iron fas-castt 

eppecrs therefore to be high over a narrower range of
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temperature than in the annealed state, being workable between 

approximately 850 and 1000°C, while in annealed state between 

720 and 1020°C. 

Comparing the ductility of nodular cast iron with 

that of as cast mild steel shows th-t, for the former, the nunber 

of revolutions to failure is about half than for the latter, 

Hence, although nodular cast iron permits plastic deformation 

in the above range of temperatures, only o limited amount of 

working is possible, 

From point of view of resistance to deformation it 

appears. that the best range of temperature is over 900°C for 

the matericl in the cast state and in 2 much wider range 

(750 ~ 1000°C) for annealed state. 

Fron Fig, 4.7 it can be seen thet although nodular cast 

iron has 2 melting temperature nuch below that of mile steel, 

axial compression force appears during deformation at higher temperature 

a 
and the ratio ey (Fig. 4.8), which characterises the magnitude of € 

tensile stress, has a much smaller value than for steel. Thus it 

seens that in nodular cast iron subgrains form more readily and 

grain boundary sliding occurs to a2 lesser degree than with steel 

at a given temperature, Indeed, from Pig. 4.10, where the 

structure fron the axis and outside is shown ae 2 specimen 

made from annealed east iron and deformed at 780°C, a prorpunced 

substructure can be seen although the specimen wes cooled in 

free air after deformation. (Such a pronounced substructure was 

not observed in steel deformed and cooled under similer conditions).
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Fig. 4.9 shows that nodular cast iron is affected 

markedly by superinposed tensile stress, ductility decreasing 

quite steeply by inoreasing the ratio $4, « Thus nodular cast iron 

needs to be deformed in conditions where tensile stresses are 

minimised as much as possible; or alternatively the rate of 

deformation in the presence of tensile stresses must be low. 

Deformation of nodular cast iron seems to occur quite 

uniformly. No marked change in shape of nodules occured during 

defornation when the ends of the specinen were fixed. (Fig. hed as} 

However, by using superinposed compression force the nodules 

deforned very nuch near the outside ond to a lesser extent nearer 

the axis (Fig. 4.11,b and c). 

CONCLUSIONS 

1) The tested nodular cast iron has greatest ductility between 

850°C and 1000°C in cast state and between 720 and 1020°C in the 

annealed state. Apart from the fact in the annealed state the 

ductility is greater over a much wider range of temperature than 

in the as cast state, in the range of temperature 850 - 1000°C 

there is very little difference in behaviour, 

2) The resistance to deformation is much higher in the as 

cast state up to about 870°C. Around 880°C and above the 

resistance to defornation is virtually the sane in both conditions. 

3) The ductility of nodular cast iron decreases sharply if 

tensile stress acts, but improves with compressive stress, Therefore 

during deformation it is necessary to adjust conditions so that 

compression stress is acting orto restriot deformation in the
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presence of tensile stressos. 

4) During dofornation undcr conditions of torsion conbined 

with conpression tho nodules dceforn. However, when the spocinen 

is kept fixed the shape of nodules changes less, showing that in 

spite of the presence of nodules the material deforms quite 

unifornly. 

5) The subst:ucture developed in nodular cost iron appears 

to be nore pronowcoed then for stccl and less grain boundary sliding 

occurs at a given tenperature.
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