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Abstract 

The development of the de formation sub
structure of zone-refined iron is similar to that 
observed for l e ss pure vacuum-melted iron. Quali
tative differences wit h increased purity are noted 
and are associated with a decrease in the dislocation 
sources and the necessity for cross-slip . Evidence 
is presented to show that, in the purest iron 
investigated, dislocation movement in the foil pre
pared for transmission electron microscopy is quite 
unrestricted and that the observed structures may 
not be typical of the d islocation density and 
distribution in the bulk. 
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Introduction 

The importance of the substructure jeveloped during plastic 
deformation of a body-centered-cubic metal cannot oe denied. Keh (1) 
and Keh and Weissmann (2) have established experimentally a direct correla
tion of the dislocation density and distribution with the flow behavior of 
iron at 25 and -?s0c. The relation between deformation substructure and 
mechanical properties of tantalum (3) and niobium (4) will be presented 
later in this Symposium. The role of substructure in recovery and 
recrystallization of iron and silicon-iron has been discussed by Leslie 
et al (5), Hu (6), and Walter (?). Substructure effects on strain aging 
in body-centered-cubic metals have been reviewed by Keh and Leslie (8), 
and by Rosenfield and 0.Ven (9). The relations between substructure and 
precipitation phenomena are reviewed in other presentations of this 
Symposium (4,10). 

The subject of this paper is the development of substructure 
during plastic deformation. Keh and Weissmann (2) have summarized the 
studies on the deformation substructure in body-centered-cubic metals and 
concluded that the dislocation structures of all of those investigated, 
which included iron, molybdenum, tungsten, tantalum and niobium, were 
similar. Dislocations were kinked and nonuniformly distributed in the 
early stage of deformation. As the amount of deformation was increased 
the distribution became more nonuniform and a cell structure was developed. 
This sequence of events is shown in Fig. 1. The walls of the cells are 
tangles of dislocations. For iron, the dislocation density was found to 
increase linearly with strain, and at a constant strain, to be independent 
of the deformation temperature below the temperature of recovery. The 
dislocation distribution in iron, however, was found to be temperature 
dependent; the distribution was more uniform and the tendency to form 
cells was decreased as the temperature of deformation was lowered. Keh 
and Weissmann (2) also showed that the re l ation between the dislocation 
density and the flow stress of iron was: 

a = a + 0.17 GbJ'N:f f 0 
(1) 

where Of is the flow stress, cr
0 

is the frictional stress, G is the shear 
modulus (=7.8xl03kg/mm2), bis the Burgers vector of the slip dislocation 
in iron (=2.5 ~), and Nf is the dislocation density in the tangled regions. 
The change of the dislocation distribution with temperature, that is, 
the change in density within the tangles, accounts for the differencP in 
flow behavior at different temperatures. Finally, it was observed that the 
dislocation density was dependent on grain size; a fine-grained iron 
exhibits a higher density of dislocations than does a coarse-grained iron 
strained to the same extent. 
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Materi als and Experimental Proc edure 

The zone-refin 2d iron and Fe-Mn alloy that have been studied by the 
present authors are listed in Table I, together with the method of purifica
tion and the final grain size obtained after cold work and recrystallization. 
In Table II the nominal content of carbon, nitrogen, hydrogen and oxygen 
is given in parts per million. All the materials were deformed in tension 
in bulk form and then thinned by electrolytic polishing to a final thickness 
su itable for examination by transmission electron microscopy. 

Results and Discussion 

A. Stress-StrainBehavior 

The stress-strain curves for the polycrystalline, high-purity 
irons at several temperatures are given in Fi gs . 2-4. The results of tests 
at 25°c shown in Fig. 2 indicate that for the same grain size, there is not 
muc h difference in the tensile deformation of two irons of different over
all purity. Reference to Table I indicates that iron B-3 had ten zone
refining passes compared to iron B-13 which received only one pass. It 
would be expected that the B-3 iron is the purer material, and although 
mechanical tests at 25°c do not support this, other differences in the 
behavior of these two irons do suggest that iron B-3 has less overall 
impurity. In processing these irons to a fine-grained aggregate from the 
zone-refined condition it was found that, after the same conditions of cold
rolling, iron B-13 required a recrystallization anneal at 650°c to produce 
a completely recrystallized uniform grain size of 43µ whereas iron B-3 
could be recrystallized in the same time to the same uniform grain size 
27 6oooc. The effects of small amounts of impurities on the recrystallization 
of iron have been investigated (11-13), and it has been observed that the 
purer the iron the lower the recrystallization temperature. It would appear, 
then, that room temperature tensile tests are not a reliable basis for 
evaluating the purity of iron. The lower stress levels of iron S-1, which 
is the least pure material on the basis of method of purification, can be 
accounted for by the larger grains in this iron, compared to the other two. 

It will be noted from Fig. 3 that at -78°C a rather pronounced 
yield point drop becomes evident and that the rate of strain-hardening has 
decreased compared to room temperature tests. The pronounced yield point of 
the irons is a manifestation of an increased binding between interstitial atoms 
and potential dislocation sources as a result of a decrease in temperature. 
The increased yield point drop is not associated with a tearing away of 
dislocations from impurity atmospheres of increased binding, but rather with 
the decrease in the number of active sources of dislocations resulting 
from the increased binding. Keh and Weissmann (2 ) have suggested that the 
change in strain-hardening behavior with a change in temperature is associated 
with differences in the dislocation distribution during de formation at dif
fer ent temperatures. Although the average dislocation density is independent 
of test temperature, the dislocation distribution becomes more un iform as 
the temperature is decreased. Since the rate of work-hardening depends on 
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the density of di s l ocations within the tangled r egions of the cell walls 
the more uniform distribution of dislocations results in a decrea sed rat e of 
work hardening . The lower stress level and lack of a LUders extensio n for 
iron S-1 is most probably a result of the larger grain size of this 
material. 

The results of a temperature change during tests for iron B-3 are 
also shown in Fig. 3 . They are consistent with the interpretation of Keh (1). 
He proposed that if a nonuniform distribution of dislocations is establ ished 
by de formation at some temperature , then on subsequent testing at a lower 
temperature, characterized by a more uniform distribution, the flow stress 
at the l ower temperature is greater tha n it would be if the specime n were 
strained to the same extent at the lower temperature only. The curvature of 
the stress - strain curve at the beginning of de formation at -?s0c , after a 
prestrain at 25°c , mak es it difficult to est ablish a we ll-defined initial 
flow stress at -?soc, but a s can be seen , the flow stress at increasing 
strain rises above that for deformation only at -?s0c , and the difference 
increases slightly with increased amount of prestrain at 25°c. As will be 
noted later, a strain of 3.75% at 25°c does not develop a gross nonuniform 
distribution of di sloc ations so that only a sma ll differenc e in flow stress 
might be expected on subsequent stra ini ng at -?SOC . Strai ning 7.5% at 25°c 
does develop some ce ll structure and a more nonuniform distribution so that 
continued deformation at -?s 0c resul t s in the observed increase in flow 
stress. 

Iron B-3 wa s the only high-purity iron which exhibited any plastic 
deformation at -196°C, and the results of test ing at this temperature are 
shown in Fig. 4. Irons B-13 and S-1 fail ed predominant ly by intergranular 
fracture at -196°C at stress levels of about 45-55 kg/mm2. 

Curve A in Fig . 4 represents the stress- stra in behavior of iron 
8-3 deformed only at -196°C. Considerabl ~ t winning , as well as slip, was 
ev ident only during the LOders extension . The LOders extension in Fig. 4 
is shown as a smooth line only for co nv enience . Fig. 5 is a light micro
graph from a specimen, strained at -196°C, in which the Ltlders front was 
allowed to pass through only about one-half of the gauge section. It is 
apparent from Fig. 3 and Fig. 4 that the rate of strain hardening, after 
the Ltlders strain, is greater at -196°C than at -?s0c , indicating a 
minimum in the temperature dependence of the rate of strain-hardening and 
a possible change in the mechanism of deformation at very low temperatures. 
A similar behavior has been observed by Keh and Weissmann (2). 

Curves B, C and D of Fig . 4 are stress-strain curves at -196°C 
after a prestrain at 25°c of 0 ,75, 1.9 and 7.5% respectively. The prestrain 
at 25°c has eliminated compl ete l y the formation of twins at -196°C and, 
contrary to tests between 25 and -?soc, the flow stress at -196°C, after 
prestrain at 250c , has not been increased above that for deformation only 
at -196°C. This observation also suggests a change in the mechanism of 
deformation as the temperature of deformation is decreased. This change in 
mechanism may be closely related to several observed factors: (a) the active 
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slip plane in iron becomes more restricted to the [1 10} p l anes (14) as 
the temperature is decreased; (b) the temperature dependence of the stress 
velocity relationship for edge dis l oc ations is greater for [ 112} planes 
than for [uoJ p l anes (15); (c ) cross-slip of the screw dislocations 
bec omes more difficult as the temperature is decreased (1 , 2 ) . 

B. Dislocation Sources 

Before considering deve lopment of the deformation substructure 
it is necessary to establish what major source or sources of dislocations 
exist in the material prior to deformation . The sources of dislocations in 
any metal are : ( a ) random matrix dislocations, (b) the interfac es between 
the matrix and second-phase particles, (c ) subboundaries within the grains , 
and (d) the grain boundar i es . The random matrix dislocations whi ch are 
not of the Frank- Read source type and whi ch are not immobilized by impurity 
atmospheres w:11 generate dislocations by the double cross slip mechanism (16 ), 
as has been shown by Low and Guard (l?) o The ge neration of dislocations at an 
inclusion-matrix interface under an applied stress has been reported (5,18). 
The formation of we ll-defined ce ll walls, after only light deformation, as a 
result of interaction of dislocations generated from close ly spaced particles 
is illustrated in Fig. 6 from the work of Les lie, et al (5 ). Li (19) has 
considered the theoretical aspects of subboundary and gra i n boundary sources; 
Hornbogen (20 ) and Keh (1) have reported experimenta l evidence for sub
boundary and gra in boundary sources . An example of dis locations originating 
from a grain boundary in an Fe- 1. 78 wt . % P alloy is shown in Fig . ?. 

In fully recrystallized high-purity iron it has been observed 
that the number of second phase particles and subboundaries is so small 
as to be inconsequential as effective sources of dislocat ions . Likewise, 
the density of random dislocations, as measured by transmis s ion electron 
microscopy and ar1 X-ra y technique d i scussed by We i ssmann ( 21) , is low and 
o f the order of 106/cm2 . Fig . 8 is a typical e lectron transmission micro
graph of recrystallized high-purity iron illustrating this l ow dislocation 
density . Observations of dislocation loops emanat ing from grain bound -
aries (20), the "hairy " appearance of grain boundaries and the formation of 
irregular dislocation networks adjacent to the boundaries (1 ) after small 
deformations suggest that the grain boundaries and not the random matrix 
dislocations are the primary source of dislocations in high-purity iron . 
Li (19) has postu l ated that grain boundary l edges (or jogs ) are the source 
of dislocations in the grain boundary . An example of the generation of a 
dislocation from a grain boundary ledge is shown in Figo 9 . The strain 
field of the ledge is shown only in one grain, although it could ex ist in 
both grains . It should be noted that this t ype of source is not a disloca
tion mill of the Frank-Re ad type which is capable of continuous generation . 
The grain boundary ledge is only a "donor " of dislocations and subsequent 
generation of dislocations within the grain can take place by the double 
cross-slip mechanism . Accord ing to Li ' s correlat ion between the density of 
grain boundary ledges and the Hall -Petch (22) slope, the decarburized Swedish 
iron studied by Codd and Petch (23) would have a ledg e density of about 
8x105 cm of ledge per cm2 of grain boundary area . For a grain size of 100µ 
this would mean approximately 240 cm of l edge per grain , whereas the 
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nominal dislocation density wi thin the grain of 106 cm/cm3 provides about 
0.5 cm of dislocation line within the grain. It is not unreasonable, then, 
t hat the primary source of dislocations is the ledges in the grain 
boundaries. Fig. 10 illustrates that l edges do in fact exist in the grain 
boundaries of a well annea led high-purity iron. The dens ity of ledges in 
this micrograph is about 8xlo4/cm, a fact or of ten less than that calculated 
for the Codd and Petc h iron. A lower density of grain boundary ledges in a 
purer material is consistent with Li's anal ysis of the effect of impurities 
on the density of grain boundary ledges. 

The micrographs of Fig. 11 illustrate the dislocation arrangements 
near grain boundaries in a sampl e strained 0 . 375% at 25°c . Fig. lla is the 
arrangement near a boundary away from grain boundary junctions . It is 
characterized by few dislocation intersections . Fig . 10b shows that near 
a grain boundary junction there are more dislocations and more interactions 
due to the stress concentration at the junction. Occasionally a severe 
tangle can be found emanating from a grain boundary junction or from a 
region of change in orientat i on of the boundary, such as in Fig. 12. 

C. Formation of Dislocation Tangles and Cell Structure 

1. General Features 

The change in dislocation density and distribution with increasing 
strain for iron S-1 is qualitatively s imilar to the changes in the less pure 
vacuum-melted iron previously reported (2). In the early stage of deforma
tion the dislocations are generally kinked and nonuniformly distributed ; 
as the amount of strain is increa sed , the distribution becomes more nonuni
form, dislocation tangles are formed and finally a cell structure is developed. 
This sequence of events for iron S-1 is illustrated in Figs. 13 and 14. The 
deformation substructure in the higher purity iron is characterized by the more 
fr equent observation of unk ink ed dislocations in areas removed from tangles, 
fewer tangles and less severe t angling at sma ll amounts of strain as shown in 
Fig. 13a. The increased purity of the iron has reduced the tendency for 
the formation of jogs by reducing the interaction of dis locations with point 
defects (24 ), or by reducing the necessity for cross-slip of dislocations (25). 
The somewhat parallel arrangements of these unjogged dislocations would 
suggest that cross - slip, the more likely mechanism of jog formation , is 
reduced. This is probable, since the barri ers whi ch necessitate the cross
slip of dislocations are reduced with increased purity . Keh and Weissmann (2) 
have concluded that tangle formation is the result of interaction of disloca
tions of a secondary slip system with the jogs formed on primary slip dis
locations by the cross-slip mechan ism. The observation of fewer and less 
severe tangles is consistent with a reduction in density of interaction 
sites, the jogs , and a reduction in the density of grain boundary sources. 
Tangles may form by direct interact i on of slip dislocations of two systems 
without the requirement of jog formation . In this case , the initial tangle 
is expected to consist of a rat her regular network of dis lo cations . The 
arrangement could be a crossed grid (26) or an hexagonal network as observed 
in molybdenum (27). The hexagonal network ar ises from the dislocation 
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reaction 

~ [11 1] + ~ [111] = a [1 00 ] 

Regular networks in individual tang l es and cell walls have not been observed 
fr equently in an as-strained vacuum melted iron, but they seem to be a 
common feature in the higher purity material, as can be seen in Fig. 13a 
and Fig. 15. The frequency of observation of these fairly regular networks 
in the tangles and in the ce ll walls developed from tangles indicates that 
interaction of dis locations on at least two slip systems is necessary for 
tangle formation and the development of the cell structure. 

The zone axis of the possib l e crystallographic planes of a cell 
wall may be determined by means of selected-area diffraction and single
surface trace analysis. The zone axis is that crystallographic direction , 
in the plane of the foil, which is paral l el to the trace of the cell wall 
in 1:te plane of the foil. With very few exceptions, at least one of the 
planes of the zone has been of the [110}, [112} or [123} type. No other 
low-index planes have shown such a trend or occurred with the same fre
quency. This result strongly su~gests that the plane of the cell wall 
in iron is then [110}, [112} or Ll23}. The development of cell walls on 
these planes could be the result of the int eraction of the dislocations of 
two slip systems to form the initial tangles on these pl anes or the result 
of cooperative motion of the tangles leading to alignment in the slip 
planes (2 ,28). 

The deve lopment of deformation substructure in iron B-1 3 is 
similar to that in iron S-1 . Lesser amounts of strain to produce a com
parable structure were required since the grain size of B-13 was sma ll er . 

The ten-pass zone-refined iron B-3 has presented t wo serious 
experimental difficulties whi ch hinder study of this material by electron 
transmission microscopy. The production of usab l e thin foils has been 
sporadic and their preparation has required precise control of composition 
of polishing solution and polishing conditions . The more serious di f
fi culty has been a decrease in the density of dislocations and an almost 
certain rearrangement as a result of the thinning operation . An excess ive 
amount of dislocat ion motion, not typical of less pure iron, has been noted 
during examination of foils in the mi croscope . Fig. 16 is an illustration 
of the degree of movement of dislocations in foils of iron B-3. The 
variation of dislocation density and distribution in this iron is consider
ably more than normally encountered in this type of study . Irons S-1 and 
B-13 did not show such a large variation and the structures observed in 
these irons can be considered "typical''. The inconsistency of the 
deformation substructure in a foil of B-3, as shown in Fig. 17, makes it 
difficult to define any single structure as typical of this material. For 
the purpose of discussion, the typical unaltered structure of this iron 
after deformation will be considered as that structure with the greatest 
dislocation density , the most severe tangles and the best developed cell 
structure. The change in deformation substructure with increasing strain 
for iron B-3 is shown in Figs. 18 and 19. A significant degree of tangling 
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and cell formation is accomplished only after about 5%. strain atroomterrperature. 
An appreciable change in the flow stress at -7S°C, after prestrain at room 
temperature, would not be expected for prestrains less than about 5%, in 
agreem2nt with the tensile test results given in Fig. 3. Comparison 
with the structures of iron S-1, in Figs. 13 and 14, indicates that the 
distribution of dislocations is more uniform and the ce ll structure not as 
well developed in iron B-3. The limiting cell size for the vacuum-melted 
iron was 1.5µ wherea s in this investigation the limiting cell size increases 
somewhat with increasing purity from 2µ for S-1 and B-13 to ~out 2.5µ for 
B-3. As the purity increases, the density of grain boundary ledge sources 
decreases and the necessity for cross-slip decreases. A decrease in these 
two factors leads necessarily to a decreased dislocation density, fewer 
and less severe tangles, and consequently a larger cell structure with a 
more regular distribution of dislocations within the cell walls. Dynamic 
recovery at room temperature in the purer irons could also result in a 
larger cell size with cell walls of somewhat regular networks of disloca-
tions . 

2. Effect of Deformation Temperature on the Dislocation Distribution 

As previously reported (2 ) , the tendency for cell formation becomes 
less and the dislocation distribution becomes more uniform for a given 
strain as the temperature of deformation is decreased. The dislocation 
structures of iron S-1 deformed at 25 and -7s0 c to about the same strain 
are shown in Fig. 20. The dislocation distribution at -7S°C is considerably 
more uniform and the dislocations are more uniformly kinked than at 25°c . 
This structure has been explained on the basis of more frequent cross slip, 
but over smaller distances than at room temperature (2) . Figs. 21 and 22 
illustrate that the same temperature effect on the distribution of disloca
tions is present in iron B-3 . In this iron, however, the dislocations 
formed by low temperature deformation do not appear to be severely kinked as 
in iron S-1 , nor as uniformly distributed, and occurrence of _loose tangles 
is also more frequent . These observations are consistent with dislocation 
movement, resulting from the thinning operation. Such movement could cause a 
decrease in the density of jogs on the dislocations and rear~~ngement of 
a uniform distribution to a less uniform distribution. 

The dislocation structures developed in iron B-3 by deformation at 
-196°C are shown in Fig. 23. The distribution is much more uniform consisting 
of at least two sets of parallel dislocations; tangles are not formed up to 
the point of fracture of this iron at about 14% strain. The curvatures at 
dislocation intersections, such as shown in Fig. 24, suggest that possibly 
three slip systems were active in this particular grain. Two of the sets 
of dislocations have the same Burgers vector and at the point of intersection 
there is mutual annihilation and a rounding off of the intersection poin~, 
as indicated in area A in Fig. 24. The third set of parallel dislocations 
has a different Burgers vector, such that there is interaction to form an 
a[lOO] segment at the point of intersection. In this case, the sharp points 
bf the dislocation interaction remain, and examination of Fig. 24 reveals 
that the a (100] segments have two directions as is expected. This inter
action is noted at points Band C in Fig. 24. 

148 



3. Effec t of Strain Rat e on the Dislocation Di stribution 

The effect of increasing the strain rate of deformation is analogous 
to decreasing the temperature of deformation , that is, the tenoency for cel l 
formation becomes l ess pronounced and the dislocation distri bution becomes 
more uniform for a given strain as the strain rate is increased. The degree 
of change in dislocation distribution with a change in strain rate is not 
as marked as for a change in temperature . Differences are most apparent at 
small amounts of deformation and for changes in strain rate of several 
orders of magnitude. Fig. 25 illustrates the difference in dislocation 
distribution in iron S-1 strained 2 .5% at strain rates of 2 .5x10-5 sec-1 and 
1.25x10-2 sec-1 . These structures may also be compared with that shown in 
Fig. 13a. Th ? dynamic th eory of yieldi ng proposed by Johnston and Gilman (29) 
requires either an increase in the number of mobile dislocat ions or an increase 
in the average velocity of dislocations to accommodate an increase in strain 
rate. The more uniform distribution of dislocations cou ld be accomplish ed 
by an increase in the amount of cross-slip to increase the number of mobile 
dislocations or an increa se in th e vebcity of the edge components of disloca
tions relative to the velocity of the screw components. The latter would 
result in mainly screw dislocations being left in the structure. Since the 
densities of dis locations are not very different, as is also the case for 
low temperature deformation (2 ), it may be assumed that the uniform distri
bution is more likely the result of an increase in the velocity of edge 
dislocations. 

As the amount of strain is increased the differences due to 
strain rate become les s apparent and a well developed cell structure is 
formed. 

4. Effects of Alloying on Dislocation Distributio n 

The influenc e of alloy additions on the dislocation arrangements in 
iron has not recei ved much study except for iron-silicon (30), iron
phosphorus (20), and iron-manganese (5) alloys. In the first t wo cases the 
?ffect of alloy addition was to decrease the tendency for ce ll formation and 
to produce a more uniform distribution of dislocations. The effect is 
analogous to lowering the temperature or increasing the stra in rate of 
deformation. It is well known that si licon and phosphorus are very pro
nounced solid-solution strengtheners and substantially increase the tendency 
for mechanical twinning. Manganese is not near ly as potent a solid-solution 
strengthener and has been reported (5) to result in a l ess uniform distribu
tion of dislocations and to increase the tendency for cell formation at 
room temperatur e , as shown in Fig. 26. An increase in alloy content would 
result in an increase in grain boundary sources thus l ead ing to increased 
dislocation density and enhanced ce ll formation. The differences in dislo
cation distribution for different alloy additions cannot be explained solely 
on changes on the density of grain boundary sources. In the case of silicon 
or phosphorus additions the random distribution has been attributed to a 
decreased mobility of the dislocations and, in particular, a greater decrease 
in the mobility of screw components . The decrease could be the result of 
an increased frictional stress or an increase in the density of vacancies which 
might interact wi th the screw dislocations to form jogs . The addition of 
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0.6 wt.% manganese apparently does not markedly influence the relative 
mobilities of the edge and screw dislocations and therefore the distribution 
of dislocations does not tend to be random. The effect of manganese, 
therefore, is primarily to increa se t he average dens ity for a given strain 
by increas ing the density of grain boundary sources. The binding effect 
of manganese on these sources i s small s ince the difference in yield 
stress of pure iron and iron-0.6 wt .% manganese i s not large (5). 

The increased tendency for retention of a nonuniform distribution 
and the formation of tangles and ce ll wall s in the manganese alloy is also 
observed at lower temperatures or increa sed strain rates. This may be 
seen by comparison of Fig. 27a with Fig. 20b and Fig. 27b with Fig. 25b. 

4. Summary 

1. The development of deformation substructure in zone-refined 
iron is similar to that report ed for vac uum-me lted iron and other body
centered cubic metals. 

2. The primary effect of increased puri ty is to decrease the 
density of grain boundary sources and to decre ase the necessity for cross
slip. This results in fewer and less severe tangles o f dislocations and a 
small increase in the size of cells . 

3. The cell walls in the purer iron consist of somewhat regular 
networks of dislocations, a s do the initi a l tangl es . 

4 . In a very high-purity iron the dislocation density may 
decrease and the dislocations may change their distribut ion as a result of 
the thinning proces s . 

5. A decrea se in the temperature of deformat ion or an increase 
in the strain rate decreases the te ndency for cell formation and produces 
a more uniform distribution of dislocations . 

6. The addition of an alloying elemen t whi ch i s not a strong 
solid-solution streng thener increases the dislocation density and tendency 
for cell formation primarily by increasing the density of grain boundary 
sources. 
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Tab l e I 

High-Purity Mat er ials Investigated 

Grain 
Material Des ignation Method of Purification Size 

* Fe S-1 Zone-melted in horizontal 90µ 
boat. Two passes. 

* Fe B-1 3 Zone-re fin ed by floating- 43µ 
zone techn ique. One pass. 

** Fe B- 3 Zone-refined by floating- 42µ 
zone technique . Ten passes. 

* Fe-0.60 Mn S-8 Zone -mel ted in horizontal 60µ 
boat. One pass. 

* Supplied by Battel l e Memorial Institute . 

** Supplied by B. F. Oliver, United States Steel Corporation. 

Table II 

Nonmetallic Impurity Contents, PPM 

Material C N H _Q_ 

S-1 15 6 0.2 25 

B-13 10 <0.05 0.9 1.2 

B-3 15 5 <l <5 

S-8 15 6 0.4 25 
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(a) INITIAL, RECRYSTALLIZED 

• 
I 

-~-
:,,,"" i0.5JL t 

( b) I % STRAIN ( c ) 31/2 % STRAIN 

(d) 9 % STRAIN (e) 20 % STRAIN 

FIG. I -- DEVELOPMENT OF DEFORMATION SUBSTRUCTURE IN IRON. 
(See ref. 2L 
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N 

I 20 ..... ... 
lll:: 15 
U> 
U> 
lo.I 

~ 10 
U> 

0 

ZONE-REFINED IRON 

T • 2 5•c 
i • 2.5 • 10-3 sec-1 
S- I 90 ,i 
B- 3 42 ,i 
B-13 43,i --------s-1-------

0.02 0.04 0.06 0.08 0.10 
STRAIN IN /IN 

0.12 

FIG. 2 -- STRESS-STRAIN CURVES FOR POLYCRYSTALLINE HIGH
PURITY IRON DEFORMED AT 2soc. 

35 
----·-_,,,-----------

30 B-3 
I 

/ i 
"' /f. 25-c•0.0375 jf.25• c•0.075 

~ 25 I _ ·----------------
' -----------0 S-1 ------
lll:: 20 -----(/) , __ _ 
U> 
lo.I 

~ 15 
U> 

10 

5 

0 0.02 

ZONE - REFINED IRON 

T • -10•c 
E • 2.5 • 10-3 sec-1 

-----B-3 PRESTRAINED AT 25•C 

0.04 0.06 0.08 0.10 
STRAIN IN/IN 

0.12 

FIG. 3 -- STRESS-STRAIN CURVES FOR POLYCRYSTALLINE HIGH
PURITY IRON DEFORMED AT -780C. 
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75 SLIP AND TWINNING // 

70 I .. ~ // 
NE 65 A -~~- / 
e ,--✓/ 
-;;. 60 I i I 
~ f • / ZONE - REFINED IRON B-3 
~ 55 I / T•-196°C 
~ ~"" · // i • 2.5 • 10-3 sec-1 

~ 50 i !~ /V I~ l ; SLIP PRESTRAIN AT 2s·c 
1 • ON LY / A- 0 

45 B ! B-0.0075 
! / C-0.019 

40 C o/ 0 - 0.075 

35L...--L......--'---'------&..L---'------'---...._____--J....~ 
0 0.02 0.06 0.10 0.14 0.18 

STRAIN IN/IN 

FIG. 4 -- STRESS-STRAIN CURVES FOR POLYCRYSTALLINE HIGH
PUR ITV I RON DEFORMED AT -1960C. 

FIG. 5 -- LUDERS FRONT IN IRON B-3 STRAINED AT - 1960C. 
IOOX. UNETCHED SURFACE. 
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FIG. 6 -- WELL-DEVELOPED CELLS AROUND LARGE PRECIPITATED 
PARTICLES. Fe-0.015% Bi, C.R. 10%, LONGITUDINAL 
SECT I ON. (See ref. 5). 

0.25 JL 
I I 

FIG. 7 -- DISLOCATIONS ORIGINATING AT A GRAIN BOUNDARY. 
Fe-I. 78 wt% P, I. 0% STRAIN. ( See ref. 20). 
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I 
2

µ.I 

FIG. 8 -- STRUCTURE OF RECRYSTALLIZED GRAINS IN IRON. 

FIG. 9 -- GRAIN BOUNDARY LEDGE ACTING AS DONOR OF DISLOCATION. 
(See ref. 19). 
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..____ __ __. I 
2 µ, I 

FIG. 10 -- GRAIN BOUNDARY LEDGES IN RECRYSTALLIZED IRON. 
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0--
0 

/ ,I ,., , __ 

1µ 

(a) (b) 

Fl G. II -- DISLOCATION ARRANGEMENTS IN IRON STRAINED 0.375% AT 2s0c, (a) AT 
GRAIN BOUNDARY, (b) AT GRAIN BOUNDARY JUNCTION. 



FIG. 12 -- DISLOCATION TANGLE INITIATED FROM A 
GRAIN BOUNDARY KINK. 
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(a) (b) 

FIG. 13 -- DISLOCATION STRUCTURE IN IRON S-1 STRAINED AT 25°C. (a) 2.5% STRAIN, 
(b) 4% STRAIN. 



I 
2

µ1 

(a) (b) 

FIG. 14 -- DISLOCATION STRUCTURE IN IRON S-1 STRAINED AT 250c. (a) 7.fJ'/o STRAIN, 
(b) 15% STRA I N. 



Fl G. 15 -- REGULAR NETWORKS OF DISLOCATIONS IN CELL WALLS 
OF IRON. 

FIG. 16 --TRAILS OF MOVING DISLOCATIONS IN IRON B-3. 
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1µ 
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1µ 

# ,. ,, 

I 

FIG. 17 -- VARIATION OF DISLOCATION STRUCTURE IN IRON B-3 AFTER 5.5% STRAIN 
AT 25°C. 



~) fu) 

FIG. 18-- DISLOCATION STRUCTURE IN IRON B-3 STRAINED AT 25°C. (a) 0.375% STRAIN, 
(b) 2.5% STRAIN. 



(a) (b) 

FIG. 19 -- DISLOCATION STRUCTURE IN IRON B-3 STRAINED AT 2s0c. (a) 5.5% STRAIN, 
(b) 15.5% STRAIN. 



I ! µ. I 

(a) (b) 

FIG. 20 -- DISLOCATION STRUCTURE IN IRON S-1 STRAINED 7.ff/o AT (a) 2s0c AND 
(b) -780C. 
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-i 
0 

(a) (b) 

FIG. 22 -- DISLOCATION STRUCTURE IN IRON B-3 STRAINED 5.5% AT (a) 2s0c AND (b) -7s0c. 
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-J ..... 

(a) (b) 

FIG. 23 -- DISLOCATION STRUCTURE IN IRON B-3 STRAINED AT -1960C. (a) 5.5% STRAIN, 
(b) 14.0% STRAIN. 



Fl G. 24 -- DISLOCATION INTERACT IONS IN IRON 8-3 STRAINED 
14.0% AT -1960C. 
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\ \/ \.. 

2 µ I - -
~) fu) 

FIG. 25 -- DISLOCATION STRUCTURE IN IRON S-1 STRAINED 2.5% AT 2s0c AT STRAIN 
RATES OF (a) 2.SxlQ-5 sec-I AND (b) 1.25xlQ-2 sec-I. 



(a) (b) 

Fl G. 26 -- DISLOCATION STRUCTURE IN (a) I RON S-1, AND (b) I RON-0.60 wt% 
MANGANESE S-8, STRAINED 15% AT 2s0c. 
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(a) (b) 

Fl G. 27 -- DISLOCATION STRUCTURE IN I RON-0.60 wt.% MANGANESE. (a) 9.5% STRAIN 
AT -78°C, (b) 2.5% STRAIN AT 2s0c AND STRAIN RATE OF 1.25xlQ-2 sec-I. 


