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S ABSTRACT

Substructures of conventional and aﬁsformed steels based on Fe-25%
Ni-0.3%C, with carbide forming alloyiﬁg elements (Cr, V and Mo) were
examined by trénsmission electron microscopy in both austenitic and
martensitiq‘conditions. Precipitates and'g high density of dislocations
were ébsérveé in austenites and marfensites of all 30% ausformed steels’:

The higher strength resulting from ausforming is primarily due to
the increased dislocation density. The precipitatgs play an impoftaﬁt
role by provi&ingvsites for dislocation mﬁltiplication and éinning; The
role of carbon and alloying elements in strengthening was mainly through
providing precipitates. No systematic varia£ion of martensite plate
size with ausforming parameters was found.

-~ The extent of twinning in martensites decreased with increasing

amount of ausforming. The absence of twinning and the high density of

dislocations prqbably“accopntsQfor the beffer ductility of ausformed .
steels. For maximum strength and ductility the toﬁél alloy:content
should thus be chosen such that the finél,structﬁfe génsists of small
stable precipitates in a‘matrix contéininé'a Qery‘ﬁiéh dislécatién

density (~ 1013/cm2).



Figure 1

. Figure 2

Figure 3

‘Figure L

showing that some dislocations remain after austenitizing.
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FIGURE CAPTICNS
Dislocation structures in undeformed and 8% deformed austen-

ites. (A) and (B) show two different areas from steel 1410,

(C) for steel 1541 and (D) for steel 1L402, show dislocations

lying on slip planes after 8% deformation at 500°C.
(A) Bright field micrograph of austenite in steel 1398, 30%
’ dgfo?med at 500°C. The substructure shows dislocation tangles

‘and precipitates which are clearly seen in the dark fieid

micrograph (B), taken of the 111 spot A in the diffraction
pattern (C). Notice faint streaks near the 200 and 022

spots in (C). The diffraction pattern is in [011] orientation.

The diffraction pattern from another area of 30% deformed

steel 1398. Notice the faint rings from carbides and

‘increased intensity of these rings near matrix spots, e.g.

‘near 300, 220, etc.’ The diffraction pattern is in [001]

orientation.

A very thin edge of 30% deformed austenite in steel 1398

after polygonization in the electron microscope due to slight

.‘ beam heating. Some of the precipitates are seen to reverse

7, contrast when the dark field micrograph (B) is taken of A.

Figure 5

. The ring diffraction pattern in (C) proves that austenite

M

is polygonized and the carbides aré of random drientations.

' The MoC precipitates here are larger compared o Fig. 2. ’ 24
Polygonized area in a very thin foil of 30% deformed ausfen—

. ite in steelvlShl; The dark field (C)_is_takeh from A at
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Figufe 6

Figure T

Figure 8

Figure 9

Figure 10

‘the martensite plates also. In (C) and (D)
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the first1ring of the diffraction battern (B), while -the

dark field (D) was taken from inside this ring.

Mechanical twinning in austenite of steel 1398, deformed 30%

[y

at 100%C.

Twinned and untwinned structures in martensites of undeformed
and 8% ausformed steel 1410. The size of the martensite plates

has not.undergone much change as -can be seen by comparing the

_substructures in (A) and (B) for undeformed and 8% ausformed.

steel, respectively. Notice the dislocation substructures in -
twinned plates

‘with midribs ' are shown from these steels. In (D) a dark

field microgréph shows'the discontinuity of fhe twins along

‘the twinning direction corresponding to the trace of the

slip plane. The twin density is seen to decreasé'away‘from
midrib.

(4) ve precipitates;in‘martensité of 30% ausformed steel

'1402. The precipitates are not visible in bright field but

are clearly seen in -the dark field micrograph (B). The
precipitatés are from SOQISCﬁ-in siie about 150-2504 apart.
Retained aus%enite (%) and martenéitg (M) in 30% ausformed -
steel 1402, both showing p;ecipitafion and a high disloca~-

tion density. Notice the non-uniform shape of martensite

plates in (B).

(A) Diffraction pattern and its. analysis (B) of the circled

- area in (C) from steel 1402 ausformed 30%, containi’ng marten-

site and retained austenite. “(D),‘(E); and (F) show the



Figure 11

Figure 12

Figure 13

_ that the Fe
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dark fielé micrographs from A, C; and B,‘respectively.

(A) and (B) showing presence of some,fransformation'twinning
in martensite after 30% ausférming in steel 1410 and 1396,
reépectively.- | .

(A) Martensite containing fine cementite particles, after
slight tempering in 30% ausformed steel 1410.

(B) Another area after tempering for longervtime,'showing

C precipitates have grown into a Widminnstatten

3

"

pattern.
Diffraction pattern from a tempered area in 30% ausformed
steel 1410, used to verify the orientation relationships.

The foil orientation is [211]OL which is parallel to (OOl]Fe G
3

&~

e
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INTRCDUCTION

‘There are various thermal mechanical treatments for alloys which

"are now being developed for obtaining higher strength and toughness.

3

Ausforming is one such treatment in which metastable austenite is
deformed without recrystallization before transformation to martensite.

The deformation is confined to a limited 'bay' region in order to

prevent decomposition to non-martensitic products. The ausforming

process ha; been the subject of numerous ipvestigafions.which have
been ;ecentl; reviewed by Phiilips and Duckworth (1), and Marshall (2).
The main metallurgicai interest has centered around optimizing the v
process parameters so that the best combination of strength and dﬁctility
is obtained. These parameters (viz., femperature of defbrmation, amount
of deformation, carbon content, alloy content, tempering time and |
temperature, and austenitizing conditions) are, however, intimately
related and it is difficult to make generalizaﬁions about the process
(see e.g; Phillips and Duckworth (1)). A number of factors are thought
to be importent in controlling the strength,»e.g. ppecipitation dnd/or.

solution hardening and work hardening. Opinion is divided regarding

- macroscopic factors such as martensitic plate size (3,&,5).

From the results of Floreen et al. (6) on stainless steel it is
clear that ausforming is not beneficial in the absence of carbon. The

exact role played by carbon has been rather unclear although a number H:

of suggestions regarding precipitation hardening have been recently

_put forward (3,5,7-10).. No direct evidence for precipitation was found

until preiiminary results of the present work were reported at the

Berkeley Conference (10). Carbon may also act as a solid solution
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strengthener (11), although it has a deleterious effect on ducfility (12).
With deformation of austenite there is an increase in dislocation |
density. It is possible that these dislocations are retained during‘ 
the transformation from austenite to martensite, though somé disloca-
tions or twins will be produced during the phase transformation.' Dis~
 locations introduced into austenite could aid in inducing precipitation'
by increasing, direétly or.indirectly, fhe diffusivity of alloying
elements.‘ It is also known that carbon atoms form gtmoépheres about
dislocations (Cottrell atmospheres).> Depeﬁdiné on the temperature and 
amount of deformatiQn, the nucleation of carbides may be very high, but
the growth rate would be limited.. From‘thermodynamicél considerations,.
alloy carbides rather than cementite are likely to ﬁrecipitate under '
the u:::-ué,l ausTorming conditions. The alloy carbides formed would
therefore be very small,finély disperéed, and difficult to detect.
Previous thin foil, and‘extractiop'replipa work havé not been successful
in determining the existence ofAsuch carbideé (5,7). Thus,.so far,
there has been no direct evidehce for carbide precipitétesf
Twinning has also beeﬁ regarded as a possible‘méde of martensiti¢ 
strengthening'by Kelly and Nutting (13); Injtherabsence bf any detailed
substructural investigatibns ofvaqubrmed steeis, the exact role of
_ twinning in this case 1s not. known, althoﬁgh othef observations indicatéﬁ
that twinniﬁg may not be an importent mode of strengthening. For'exam—_‘
: : : Lo
ple, Speich and Swann (14) have shown in the case of Fe-Ni martensites
that internal twins are not an importanfrstrengthening mechanisﬁ, LV

‘because no sharp increase in strength was found for alloys of increas- ' o

~ing nickel content which were internally twinned. Work on explosively



austenite at roomltemperature, and martensite obtained by quenching' f
. rd

The steels were provided by the Ford Motor:Company who carried out the

- where necessary.

_7-_.‘

'

deformed nickei'(lS) also showed that twinning did not appréciabiy

increase the strength.

It is apparent that most of the work done on ausformed steels has

i

‘been either on mechanical properties or on explaining these on the basis

of some metallographic and extraction réplica work, but little attempt

" has been made to study the substructure in detail. Thé-present work is

- an attempt in this direction.

EXPERIMENTAL
Steels were designed so as to provide a range bf temperatures for -

deformation and to enable examination of both metastable deformed 7

/S
these austenites’ in liquid nitrogen. A base composition of Fe-25¢

Ni-0.3%C was utilized. With a constant carbon content of 0.3%, the

" alloying elements and nickel content were adjusted to provide a
- favorable M - Based on strength considerations (10) three different

alloying eléments, V, Cr and Mo, wére used. Three important parameters

were chosen for this work, viz. degree of deformation (undeformed, 8%

and 30%),. temperature of deformation (100° and 500°C), and_composition.'f'

The steel compositions and their Ms temperatures are given in Table 1.
thermal mechanical treatments. The méchanical'propérties of these
steels have been reported elsewhere.(10); and will be referred to

i
\

For this-electron_microscopy inveétigation, 10 samples were taken

from each steel: two from steels with no deformation - one austenitic,

and one transformed to martensite; four from steels deformed at 100°C -



TABIE 1
%Alloying  Austenitizing M
Heat No. %C %Ni  Element Temperature s v
1410 0.3 27.94 - 1200°C . - 8°C
1398 .+ 0.28 2h.92  h.50 Mo . 1200°C Beiow-'k7°c
15641 0.32 16.k0 k.72 Cr | 1200°C - -16°¢
oz 0.29 2b. 73 1.85 v 129o°'c.. .3
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two 8% and two 30% deformed, one each for each deformation in untrans-

formed conditions; and similarly four from steels deformed at 500°C.*

Thin foils were prepared by electropolishing, using the window
technique, in chromic acid-acetic acid solution (270 cc glacial acetic
acid, 14 cc distilled water and 60 gm chromic acid). Foils were mounted

-

in single or double tilt stages, and examined in a Sieméns Elmiskop Ib

| microscope, operated at 100 KV.

The dark field technique was mostly used to study the precipitates,
twins, or other fine structures. Dark field work is an absolute necess-

ity in this type of electron microscopic inveétigation as has been '

‘discussed by.Thomas (16). The dark field images can be obtained either

by gun tilt or without gun tilt. Although it is quicker to obtain dark

field images by using only the objective aperture, maximum resolution

is obtained only when the electron gun is tilted so that the diffracted

rays pass down the optical axis of the electron microscope. In this

~way spherical and chromatic aberrations are minimized.

In this paper emphasis 1s placed on a detailed metallographic
analysis of the various substructural features in asustenite and marten-
site. These include dislocation arrangements, precipitation, and micro--

twinning, and involved examination of many electron micrographs and

*As was found later, the Ms of steel i398fwas too low and hence very

little martensite was detected in. the microscope;,'The Ms for steel
1402 was higher, and almost all &teels showed the presence of marten-

site, more so in case of deformed steels because Ms is raised by

. prior deformation.of austenite.
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diffraction patterns. On the hasis of these investigations some sugges-
tions regarding strengthening mechanisms and the development of high

strength alloys, are made.

RESUiTS . .
The steelé will be referred to by their heét numbers (Table 1).
When “alloy_steels” are referred to, this means steels cqntaiﬁing car-.
bide forming alloying eleménfé in addition to rickel and carbon (e.g;‘

‘steels 1398," 1402 and 1541).

A. Structure of Austenites

1. 0 and 8% Deformation

.F;gure 1 showé four struétures'of aﬁstenites in Qarious sféels in

the undeformed and 8% déformed steels. In many areas of.undeformed
'éamples very_few dislocations are present'(Fig.-lA), but some areas
sﬁow a relatively high density (Fig. 1B). This ipdicétes that the
vaustenitizing treatment does not .anneal oﬁﬁ all of thebdislocations,.
which.is not éurprising because of the’relatively'iow temperature
‘(Table 1). In 8% deformed steels (Figs. 1C andﬂD), the'diSlocationé
lie along the traces of {lll]_slip plan¢§. For all steels in these
conditions (O and 8% déformation) no evidence for any precipitation
was observed. The structures are similar to dislqcation sqbstructures
obsérved in other plastically deformed metals aﬁd indicate that the
deformation normally takes place by slip and not twinning. The aénsity
of dislocations observed depends on the orientation of the area being
examined and its relation té the deformation proceés, i.e. the amoﬁnt

of local resolved shear strain.
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2. 30% Deformation

In contrast to the structure of O ana‘B% deformed steels, the
structures of 3Q% ausformed steels were more complex, for example, in
Fig. 24 (for steel 1398), dislocation tangles wéfe observed. It was
not poessible té resolve any precipitates in bright field images.v

Lo~

However, when dark field work was done, it became clear that small.

precipitates were present in the steels as shown in Fig. 2B. The dark :

field micrograph (Fig. 2B) was formed from spot A (Fig. 2C), which, as

shown in the following, includes a precipitate‘reflection as well as
the (lil) matrix reflection. Reversal of cont¥ast indicates the
presence of small précipitatgs.

Some: of the austenitic steels were also examined ﬁsing'the XRD-5
diffractometer. :The results gave a lattice parameter of abbut 3.602

for austenite. . and showed no evidence for the presence of carbides.

- The electron diffraction pattern of Fig. 2C shows streaks near the 200

and 220 type spots, which are seen more clearly in Fig. 3, along with

faint continuous rings. From measurements on the diffraction patterns

- the 'd' values corresponding to the extra reflections were calculated

to be approximately 2.10& and 1.45A.

. ’ . I
For austenltes,'ulll

tion spots (with d =~ 2.108) will almost coincide with the matrix spot'.

?hus, precipitates will change cbntrast when the dark field microgfaph

‘Normally;-hOWever, the streak or fihgris too. faint to be seen on'the
microscope screen (Fig. 3), and the dark field micrographs are taken

with the objective aperture placed over a 200 matrix spot which also

= 2.08%, so that one of the carbide diffrac-

1

is taken from s <111>Y éppt (e.g. Fig. 2B), as well as at thé stresks.
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"~ includes the corresponding streak. The presenoe of precipitates in tnis
steel is thus confirmed. Precipitates are'not produoing strain contrast.
because theirldark field images are all of uniform intensity (Fig. 2 for
‘steel 1398), i.e. not black-white "1obed" strain contrast images expected
from coherent pnecipltates such as G.P. zones (17)7 It is eoncluded,

-~

therefore, that there is no coherency strain field associgted with

‘these precipitates.
Sinilar cbservations regarding the presence of precipitates were
made. on the other steels. It was wobserved from the diffraction patterns.

in all cases.that the streaks or faint rings (as in Figs. 2C, 3) due to

precipitates appeared again near the 200 and EEOrspots. The observe-

.tlons of these streaks does not necessarily imply an orlentatlon relatlon—‘

shlp because the inten51ty of prec1p1tate reflectlons may be enhanced
due to some overlap with matnlx reflectlons (e g- in Flg 3 the 1ntene
sity of the faint continuous ring is higher near the matrix spot than
elsewhere). Also, there are_lnsuffiCient.reflections present to
.‘establish any nossible orientation relationships whioh may exist.
Sometimes thin edges‘of the foil.polygonlzed and iﬁ these regions4'
the precipitates were obser#ed to be'larger than elsewhere.. This 1is
associated with the ease with which the dislooatipns anneal from»vefy
thin edges as a.result pf electron oeam heating of the sample ln- ‘ l -
the microscope; :One such‘case'isbshOWn in‘Fié. ﬁ:fof.steel 1398. |
The measurements from the ring pattérn and the’ results therefron are
recorded in Table 2. The dark fleld image (Plg. HB) from a P01nt A

on the first rlng (Fig.- MC) ‘shows -the contrast reversal for Dre01p1tates.

o
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~ TABLE 2 A
- ' | Measurements from Fig. 4, for steel 1398
: Observed . :
Diameter of Austenitic Rings, Probable Carbide
Ring No. Rings in Cm Ratios hkf for Matrix 'd' values*
1 R B! 111 . 2.08A
2 . L6 1.5 ~ 200 |
3 ’ 5.6 | - L6k
L 6.55'. 1.63 220 |
5 7.0 S s 1.18%
6 7.65' o 1.01 Co311
T 8.0 | 2.00 222 ‘
8 8.1 .- L | o 0.994
9 8.6 - . - o.9ud
10 9.10 2.8 " o
11 , 10.0 -~ 1 2.50 331
12. 10.3 - - 2.58 - - - Lpo-
;X'These \_re,lues are 'ca'lculafed from the camera cons tant equation.’
I
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s . .
The carbide rings also include the same d-spacings as were obtained

from the spot patterns (Figs. 2C, 3). Although the 'd' values of
carbides obtained are not very accurate, it 1s possible to identify
the carbides for steel 1398. In the literature (18), there are two

carbides reported for molybdenum, viz. MoC and Mo C. - Within the

-~

acéuracy of the results in Table 2, both carbides show lines at 'd’
values of l.h6z and lover. However.MOEC shows no line with a 'd' value
in the neighborhood of 2.1A. The existence of a 'd' value of ~ 2.1A
proves thatvfhe precipitateé are MoC and not MQEC.

V'Similar observations in the polygonized part of the foil Qere made
for steel 1541 (Fig. 5). Calculations of 'd' values from tﬁe ring'
pattern and its comparison with the *d‘ values,obtainablevfrom_the ASTM
card file (18) presented similar difficulties as for steel l398_whefe
the rings for lower 'd' values could not be used to identify the car-

/ bides def#nitely due to the limited éccurac& of'the calculétéd results.
The line in the neighborhood of.é.lﬁ is preéent in all the three Cr-
'oarbides reported (e.g. at 2.054 for Cr23C6; 2.12 and.2.0hﬁvfor CrTC3

and 2.12 and’2.loﬁ for Cr3C - In this case, therefore, from these

o) s
.observations positive identification offCarbides cannot be made. These

‘ results aré, however, ndt in disagreementVWigﬁ exﬁractién repiica work
on aged alloy; (10), ?n‘which the precipitates were found to be Cr23C6k.
Similar diffraction éxpefiments'enabled thé:pfeciﬁitates in steel 1h02,
:.to be identified as- VC and inlsteel 1410 a§ éementite.» ThéSe identifica;

tions are based on the best fit obtained from the comparison of the

'selectron diffraction data of the present work with the-previous'published

x-ray results (18). However, since only a few lines could be observed.

.

Eead
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for each carbide the results of identification may not be conclusive.

Tn Fig. 5 two dark field micrographs are shown (C and D), one of

which (D) is taken with the aperture inside the first ring. Most car-

bides have 'd' spacings which are higher than the ﬁinimum 'd' spacings
for the matrix.(2.14 for (111) in the case of fcc austenité and 2.08A
for (110) in the case of martensites), e.g. there are six more lines
with 'd’ spacings higher than 2.05ﬁ for Cr2306. _if enougn carbides are -
present, these will give rise to some faint spots (which may not be
easily visible) inside tﬁe first ring. A dark field microgfaph inside
the first rihg may, therefore, under appropriate conditions, show con-

trast reversal for some precipitates. This is seen in Fig. SD. It is

' obvious, however, that for such effects to show up, many precipltates

of different orientéﬁions should be presenf. This is unlikely to be.
the case wheﬁ brecipitates are small and poséibly.not_ranaom.
Observations'Were made on steels deformed at 100°C also, and they _
showed similar evidence ofvpreci;itation. Dﬁe to the-complexities of
the structuresobserved, it is not possible to meaningfully measure and

compare the sizes of the precipitates or dislocation densities obtained

“at 100°C and 500°C. From the observations there is very little differ-
'_ence in the structures. observed afterbfhe 100°C and the 500°C ausfdrming.;
- The precipitates are up to’lSOﬁ in size in:the,non;polygonized areas. *’

3. Twinned Austenites

In a few areas of 30% deformed austenites of steel 1398 some

evidence of mecheanical twinning was observed, both for 500°C and 100°C

deformation. An example is shown in Fig. 6. The diffraction pattern

(Fig. 6B) is close to [110] orientation and the twins lie on either (111) |



;16,

or (111) planes, so that the twin spots coinciae with soﬁe of the matrix
spots (19). The analysis of this pattern together with dark field work
show that the structure is twinned. The dark field image of spot A

" (Fig. 6C) showedino contrast reversal for‘twins, but only fér soﬁe

| precipitates and dislocations. Thus, reflection A is not a twin spot.

| t spot B, contréét reversal for twins takes place (Fig. 6D), as would
:be‘expected, because tﬂis 220 spot remains the samé after twinning on
eithef of the [lli} planes mentioned ébp&ei: |

bAithough“very few twinned areas were found in Mo steel, no e&idence}

for twinniné-was found in austenites of the other steels. This is the
first time.thét mechanical twinning has been obser&ed in austénitic

steels that can undergo the martensitic transformation.

B.: Structuies of Martensites'.'

1. O and 8% Ausformed Steels

During the transformetion austenite to martensite, the lattice

invariant shear occurs by slip ‘or twinning.  Previous work has shown that .

twinned sﬁbsﬁ:uctures are preferredrwhen’#ﬁeiéolute»coﬁfent is high;
. Thus, Kelly and_Nuttiné (l3)lfouhd~interpally twinned‘martensite plates
in plain carbon steels, the relative numbér of which iﬁcreased'with
carbon content. Swann and Speich (14) fQﬁnd some twinning in Fe-Ni .
alloys above 25% Ni. Thére is not a shérp‘transition from dislocations ~
_ to twinning and both'ére usually Qbserved; | |
The structgfés of steels ausformed O énd'S%'shdwed'substfuétufes
similar to those reﬁorte@ from various othér martenéiticIinvestigations

(e.g. refs. 13, 14). The structures show both twinned and untwinned
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martensites (Fig. 7), and careful dark field work showed no evidence for

preéipitatién. The twinﬁed structures‘in theée éteels . contained
mid-ribs (13) which are actually regidns of highest twin density:
usuallj near the center;df'the plate.  The twin density decreases out-
wards to the edges of the plates (Fig.'TD). The fraction of twinned
hartensite plaﬁes wés-lessvin 8% ausformed éteels than in unausformed

steels.

2. 30% Ausformed Steels

The structures observed in'martensiteé formed aftef 30% ausfofming
in all the steelé contained precipitates. This iérﬁot surprising since
the sustenites after 30% deformétion also showed precipiﬁates (as |
already mentioned). Figure 8A shows a bright field image in which it
is difficult to resolve precipitation. However, once the dark‘field
micrograph (Fig. 8B) is taken, tﬁen,;as in the ca§e of auétéhites,

precipitation is.clearly evident. Fﬁrthérmore, the individual marten-

site plates are more clearly resolved. By similar dark field work, it .

was proved that precipitates were alsc present in the other steels.

‘There appears to be no change in the number or distribution of. carbides

'from the austenitic to the martensitic_state.gv

Extra rings and streaks were not observed in-diffraction patterns

from ausformed martengites, although-contraét reversal for precipitates

could be obtained by suitable dark field experiments._'Thé reason for .
the non-observance of precipitate reflectiéns_is éimply‘dueAto thé'fact

that the d-spacings of precipitate and matrix are nearly the same;

hence, both sets of reflections coincide (e.g. for the first two allowéd

reflections for martepsites dllo ~ 2-08A.and dEOO_g:l‘u7ﬁ and the
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observed d-spacings f;r cerbides (Table 2) are 2.68 and L.L6A).

The structures of these steels were,vin genéral;vvery complex due
to fhe effects of working and.preéipitation and because retained aus-
uenlte vas always pre sent. Tloures 9A B show such coﬁble, structures’

for steel 1402, from which it is seen that the alslocatlon denSWLy for

-

retained austenite (v). is very high. The martensitic areas also contain

a high'density of dislocatiohs, which may nbﬁ be reVeaied iﬁ'some.areaé,
‘oecause of the orlentatlon, and the spec1men must Dbe properly tll ed
in order to reveal all of the substructural features. The martensite '
plates, in genefal, had no uniform shape or‘sizé as can be seén from
“the micrographs (Figs. 8, 9). This is because the grthh éf a marten-
site plate is hindéred.by the presence of_precipitates ahd/or othér»
- martensite plates in its path.

- Because of the small size of martenéite plates. various orignta-
tlons bf the martensites and precipitates are illuminéted. Thus, the
diffraction pétterns of these steels'weré vefy céﬁplex aﬁd showed very
many gpo%s. Tﬁis was; at times, further compiicated by diffraction
from retained austenite. Figures 10A, B:show such a diffraqtion patterﬁ
and its analysis, with the corresponding image (Fig.’ldc) and dark field

micrographs (Figs. 10D, E, F) from three spots. The dark field technique

helps in the analysis of such diffraction patterns by enabling the -

separation of different regiéns'conﬁributing to thé pattern.  It is

~ seen from the diffraction pattern (Figs. 10A, B) thatlfhe [110] axis
'for both My and"M2 martensite plates is parallel to the [iil] axis of
the austenite. From other patterns this relatiénsﬁip'(viz. [lll]Y J]‘

-[llO]M) vas found to be observed within an accuracy of 3°..
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Unlike unausformed and 8% ausformed steels the structure of marten-
sites after 30% ausforming showed very little twinning. In.some cases
no evidence for twinning was found, while in others, very few areas

were twinned. Figure 11 shows two such structures,for steel 1410 and-

1398. In all cases of mertensite twinning the twin plane is one of the

-~

{112} variants. Dislocations and precipitations are always present in
these martensites.

3. DBeam Heating Experiments

The effect of slight beam heating during microécopy-obsérvation
of martensites from 30% ausfqrmed steels was also investigated. it was
found that, in general, beam heating produced no visible changé ih the
size of thé‘precipitates or of distribution ofvdislocations in the
three.30% ausformed alloy stéels.. Howe#er, suéh was nét the case for
30% ausformed steel 1410. Flgure 124 shOWS‘an.érea.bf martensites in‘
steel 1410 with precipitates andvdiélocations after slight beam heating.
On heating a little longer, the precipitates groﬁ in sizé and-givevrisé

to pracipitation on preferential planes resulﬁihg'in Widmanstatten

structure, as observed from s different area in Fig. 12B. The cementite '

precipitates lie on {112} planes. Figure”l3 shows a typical diffraction

pattern obtained from tempered areas similar to Fig. 12B from steel 1410. -

This pattern clearly verifies that the precipitates are cementite, as

well as affording the following orientation relationships for cementite.

[éil]a_l} [001]

| | Fe3C
i [o;lla I FlQO]Fe3C
- ' 'VI
(L, fonolg, ¢

773
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C. Summary of Results

L. Austenitesz

1.1 The disloéations lie along the traces of slip planes up to at
least 5% deformation. This would probably continue to bé so with fur-
ther deformation unless precipitation takes place.
i.2 A critical amount of deformation is necessary to hucleate observable
precipiﬁates. The results suggest that in iii the four s teels examined-

this critical value lies between 8 and 30% deformation.

1.3 The deformation substructure consists of tangles of dislocations

with preC1p1tates afte* 30% deformation.

1.4 The precipitates are found to be re30 (for Sueel 1&10), ve (for
steel 1k02), and MoC (for steel 1398)..'The precipitates in the cése

of steel'lSMlvcould not be uniquely identified, bgt are probably'Cr23C6.
i.S For alloy steels, it is not possible to reduce the‘dislpcation
density or increase the size of precipitates by sligﬁt beaﬁ heating of
thick areas, but thin areas near the edges pélygonize.' |

'1.6 'In the case of steel 1398, some méchanicéi tﬁinning in austenite

is observed after 30% aeformatibn.- This efféct has'noﬁ been'reported
pfeviously. | |

1.7 The dark field technique has been>shown~to:belof considérable.
significance in studylng important substructures such as precipitates =
and tw1nn1ng; | | | |

2. Martensites

2.1 As for the austenites, martensites from O and 8% deformed steels
show no precipitation, while those of 30% deformed steels .show vrecip-

itation.

o
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1 . .
2.2 The amount of transformation twinning decreases as the extent of

deformation increases, until after 30% ausforming very_little twinnipg
- is observed.

2.3 Retained austenite from 30% ausformed steels show precipitation
and a very ﬁigh density of dislocations.

2.& Ausformed steel lth is found to be most s;sdeptible tp low 
temperaturé tempgring in the microscop¢ with ;apid growth of FeéC
précipitates: Ausformed alloy steels resist tempering, in that the
precipitates do not grow appreciably and theidislocation‘denéity does
 . ﬁot.drop. | |

2.5 Ng generalizatidns can be madé fegarding the influence of
temperature or chénge of size of the martensite plates, after thef:

various ausforming treatments.

DISCUSSION -

A. Precipitation and Structure of Austenite and Martensite.

The experimental 6bservatiohs have éhown that pfecipitation of
carbides in austenite. takes place in ausformed steels éfter a certain
‘ deformation.' By thermodyhamic argumentg,previoué wdrkers (5,-10) have- k
~shown that the diffusivity for the variousfallbying‘elements involved -
ié favorable fbr precipitation. In'almqst all investigations of pre-
cipitation on substrucﬁﬁres.in iron base‘alloys (reviewed by Keh et
'él; (20)),ialhigh densi£y~of_disl§cationsIfavoré’formaﬁion»qf fine
'precipitate§, probably because‘dislocatioﬁs.prOQide ) high density of
nucleatioﬁ'sites, and/or that_diffusion‘is increésed'as a result of
'high concentration of vacancies which are genérated during plastic

deformation. The absence of preeipitation in steels deformed 8% or

-
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less and»the comparatively lower mechanical ﬁropérties of sﬁch'steels
prove that precipitation is favored by large deformations; Ihe diffi~
culty of precip;tation is thus probabiy one of nucleation since when
precipitationltakés place on closely spaced nucleation sites, the‘volumg
of material in the mabtrix from which precipitating constituents can
diffuse to a site is limited. -fhus, nuclei, in order to grow, will
have tq redissolveAand_diffuse to othér sités. This process is likeiy g
to oceur only on tempering at high tempergtures._ In the absence df‘any
tempefing effect,'the higher the_aﬁoﬁnt of deforﬁatibn; thé greater are
the number of hucléation sites possible, and this meéns that precipitétes
are Tiner and morg‘closely spacéd. Both of.these.favor'high)mechahical‘:
strength by providing sites for dislocatioh multiplication and pinning.
It is likely.that some tempering takés place in the'micrbchpe.
during observation. It should be emphasized, howefer; that all the
specimens inbthe electron microscopes aré'examined under identical
chnditions and, thérefore, if précipitation occurred by beam heating
alone; specimens deformed b and 8% wguld haVe‘also shown evidence for ..
precipitation. Since thés is not found, it‘is:conCIudéd thaf the

'precipitation_observed is deformation debendent. The size and separa-

tion of precipitates is therefore dependent on'the temperature and degree

of deformation and subsequent tempering. After precipitates have reached

'

their maximum size,-nb further change can.take-place, unless the steel
is subjected to a temperature high enoﬁgh to re@issolve some Qf the “
ﬁrecipitates so that others can'érow. )

The‘observations also show that precipitdtes-aré refained.ﬁy
‘martensite during the phase transformation.' The effect of.tempering

R . . . ,

[d
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on growing precipitatés should be_more fé@id in the caée of martensite
| than in the case of asustenite, because the solubiiify of carboﬁ in
ﬁartensite is lower. In steel 1410 cementite precipitates are observed
after ausforming, which easily grow into a Widﬁansﬁétteﬁ pattérn when

the foil is purposely heated in the microscope. As explained later,

this easy growth accounts for the comparatively ?dor properties of steel
1410 (10). Similar experimenté in the microscope on the other steels
sﬂowad,ho eVigence for growth of precipitates;_ This resuit is attribute@
Hto the fact that the temperature was noﬁ high enough to fayor growth.
Indeed, this is confirmed bx the observed £empering behafior of ‘ausformed
steels where the mechanical properties arg-maintainedvto a temperature as
high as 500°C (12);' | | | '

Besidés precipitates the structures observed -in ausformed mérten—_
sites include a high density of dislocations which can‘be inherited from
the deformed austenite and/or can arise from defofmétion'during the
austenite to martensite phase transformation. It is estimated that the
dislocation density in the martensites is aboﬁt 1012/cm2 or higher.
Twinning in quy‘centgred structﬁres is knowﬁ-to bé an,iﬁportant

cause of fracture-(2l).  From'its almoét éompleﬁe absence in ausformed
 steels examined in this investigatibn, it would seém.fhat the decreased
armount of twinning is ?f cdﬁsiderable importance for éﬁhénced ductility -
of éﬁsformed steels. The high.density-of dislocations may prevent |

" the nucleation of cracks or allows ihcipient cracks to cloée'(22).
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fhe expérimental obscrvations éﬂearly show that the extent of
transformation twinning in mertensites decreases with increasing amount
of deformation of the mefastable austenite prior to transformatidn. It
is very likely that twins mey be entirely abseqf for grester défprmations.
‘Two factbrs, yiz. low Ms temperatures and higher-stackihg»fault energy, |
have béen shown to favor the occurrence of.ﬁransformation twinninmg (14,23).
As discusséd,elsevwhere (2&)-the important‘factor;in determining twinning
is_MS_temperature>andvan stécking fault-energy. This agreeé with the
Ipresent ﬁork, because deformation. of gustehite as well'as.depletion of
solutes from austenite.by precipitation are known to raise thé,MS ﬁempera—
ture. . |

The observations of,mechanical‘twinning in deforﬁed-retainéd-aus—
tenites from steel 1398 (fig. 6) can be explaihed on the.basisvof'
"stacking fault energy alone. . While theré are no accurate measurements
of the-stacking fault enerciés'of the alibys'examined here, Mo is known
to strongly lower thevstaékiné fault eheréy ofxaﬁsteﬁite (25), anéd in
FCC metals the lower ﬁhé sfackihg fault énérgy‘the gréater is the
tendency fof deformation to occur by fwiﬁﬁiﬁg (26,27). Iniﬁhe areas
showing twinning the stacking fault energ& may be low béCéuse.of ldcal
éolute segregation.

In steel }398’since the removal of Mo from solid sdiution by”
précipitation during’deformétion of_metaétable'austenite ﬁouid raise
the stacking fault energy and hence opﬁose meghaﬂical twinning,vit

‘would indirectly seem (from the observation of precipitates. within

the twins in austenites, é.g. Fig. 6), that precipitation does not take

o

'
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place concurrently wiéh deformation of austenite, at least in’the early'
stages. This is supported by the observations of serrated yielding of
austenite during tensile tests (10). TFurthermore, no large precipitates
were observed, even in steels deformed at 500°C. If the precipitation

" had taken place side by side or preceding the deformation, there ﬁould
~be at least some payticles which would have been of cémparatively large

size or at least there would be a broad rangé of precipitate sizes

observed. The observations (Figs. 2, 8) seem to suggest that this is

"
'

not so. It is concluded that the nucleation starts ddring the later
stages of deformation, with slow growth occurring with the passage of
time. This issimilar to strain aging, with aging taking place in a

short time.

C. Strength of Ausformed Steels

In'this ;éction Substructur¢ will be related té,strengﬁh.
Neglecting the inherent iattice friction stress T2 and‘golid solution.
strengtheﬁing.due td substantial alloying eleménts, as they arévéompar— 
ativély'smali, there are five main factors which aré imporfant in
strengthening. Substructural observations of thglprésent’work suggest
the following aboult each of these five factors:

1. Martensitic Grain Size

Although optiqal metallographic examination of ausformed éteels,
viﬁdicates,a'decréése_in martepsitiC'grain size withvaﬁSforming, whén
‘individual martensite plates are:examined iﬁ the'eléctrgn microscope;
no such trend is appgrent. In fact,.mar§ensité grain sizeé (i.e.
width of plates) were observed‘fromjgs small.aé.300§ (éome of the

martensites in Fig. 12A) to & few microns and greater (e.g. as in Fig. 11,

\
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which shows single plates). This work would therefore indicate that

there is no systematic variation of martensite plate size with ausform-

'ing, so that it is difficult to correlate graih size with strengthening.

In view of other overriding parameters to be discussed . in the following,

it is concluded that this contribution is small._

2. Twinning
As already discussed, the almost-complete absence of twinning in
30% ausformed.steels would eliminate twinning as a factor in strength-

ening of ausformed steels. However, the absence of twinning appears to

be favorable to enhanced ductility.

3. Carbon Content .
Carbon is the most important factor in strengthening of conven-.

tional martensites, the strength levels achieved Vary from B0,000 psi

for O%C to 280,000 psi for 0.8%C (11). The alloys used here had &

carbon content of only)0.3%. Also, since ausforming results in pre-’
cipitation of alloy carbides, carbon is depleted from the solid solu~-

tion. The amount of carbon remaining in solution would be ‘dependent

on the amount of carbide forming element present, and on the extent to

which precipitation has progressed. (i.e. depending on the amount of

'deformation and temperature). For example, in steel 1398, where MoC

precipitates, a simole calculation shows that the ratio of atomic

percéntages of carbon to molybdenum is 1:2; and thus, the probability

-of carbon remaining in solution is small. Furthermore, in practice,

steels are subsequently tempéred, so that almost all of the carbon

would be removed from solid sclution. ' Hence, the solution strengthening

o
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effect of carbon is probably negligible.

4. Precipitation

Dislocations and precipitates are the dominant features of the

structures and thus presumably control the strength. Their gontribu—

tion, hOWeVer, is related in the same sense that_creation of dislocations. -

and accompanying point defects aid in precipitation; while creation of
precipitates aid in increasing the dislocation density by pinning the
dislocations and by providing sites for dislocation multiplication.

To be beneficial in strengthening, the precipitate particles should be

" strong enough to resist shearing. Kelly and Nicholson (28) have shown

that the critical size, r , of a particle which would resist shearing
. & ’

2 S
is given by ré = ?iyb where G 1s the shear modulus of the matrix b

the Burger's vector,‘and Yy which is the interfaciél energy'betﬁeeﬁ
particle and matrix, is dependent on the vaiues of the shear moduli, G'
and Burgéf’s vector b' fér the particle. They derive a value of r, =

2b for G' = 10G and b'" = b and r, = 20b for G' = G and\b' = b. As the
particle size'iﬁ the present case is higher than these values (though‘

no dafa for G' of carbides afe'available, they ére in the range of

G - 5G) e.g.; frpm Fig. 8 the carbide‘p;rticle diameters are in the

range 50 ;.lSOK it is unlikel& that carbides will be sheared by diéioca— |
tions. Since the values of G énd‘b' fof carbides are not‘avéilablé,
Thomas et al. (10) proposed that vaay be related to the bond energies °
of the carbides, and showed that even for the weakest cérbide.(MoC) the

rarticle size would have to be less;than about 70& in order for them to

* be cut by dislocations.
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Dispersion sﬁrengthening is usuélly considered in fterms of the
yield strength. For unsheared partidleé the_strengthening will be . -
essentially of an Orowan type. However, in the caée of ausformed
sfeels, since the carbides precipitate out in an already work-hardened
‘matrix, it is meaniﬁgless to consider dispersion st;engthéning alone
'vvas‘contfﬁlling-the vield stress. The contributioﬁ to strength of the.
pérticlés must therefore be accounted.fof, not on the basis of ' Orowan
yieldihg, bup.rather on their effect on the total disldcatibn.density,

as discussed below.

5. Dislocation Density

The substructural observations of ausformed steels‘on both austen-
iteé and ﬁartensite clearly indicate an increase in disldcation density
with prior deformation of austenite. The.tqtal dislocation density is
the sum bf‘contributionsAfrom'the effects of defofmation,>dislbcation
multiplicaﬁion at the prééipitates, and dislocations generated'during
the phase transformation, -The structuré‘is in a work hardened .state

and using the usuai relationship for flow stfess71_(neg1ecting the

friction stfesé), f =.8 G b JN, where é is & constant * 0.4 for iron {29),7
G is the shear modulﬁs,’b Y'Bgrger's vector of.the dislocatibn and N ﬁhé
diélocation density (see e.g. Friedel (30)). in‘general, for ﬁiéstic-"

ally deformed metals, N has .been.. observed to range from 10}0 to 1012 -

lines/gm?, Iﬁ diépersion strengthened‘materials, pfovided the second
phése is not cut by dislocations, fhe éisldcétiontmﬁitiﬁlicaﬁion rate:

' A . g
is greater than in the absence of dispersoids because of dislocation-l-
particle interactions.’ Pre?ious work hés estimétéd"that the rate is"
increased by about a factor of five (31—33). AllOWing fdr this.mulfipli—‘
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cation factor it is expected that the dislocation content of ausformed
s . 13 . 2 . . . \ . o . .
martensite is about 10 llnes/cm , vwhich is consistent with estimates

¢

from the micrographs. ) oo

~For N = lbi3, T is of the order of G/SO. For steels G = 12 x 106 |
psi so that the strength is calculated to be about 240,000 psi. The
maximum strength for the alloy steels is Ql0,000spsi (10). The agree;

ment is close enough to state that the high strenéth of ausformed marten-.

site is primarily duvue to the total'dislocation density.f

D. Parameters of Ausformingl

Ffom the.preseﬁﬁ,résults and in agfeemenf with prévious ﬁork.(T)
there doeé not a@peaf t$<be any influence of temperatﬁre off ausfbrﬁing'
on the strength. The substrucﬁurél differences between as quenchéd“
ausTormed steels contalning carbide forming alloying elements and
steel'lhlo‘were not found to be large.:»Precipitatiqn of”fe3C in aus-
.'formed 1410 increases the strength élightly ovér conventionally treated
1410 (10). However, the tendency for rapid growth‘of Fe3C at .low temp-
_eratures of ﬁempering (i.e.'overaging) causes deeterioration in strength.
The.differehces between the Variogs carbideiforming alloying glements_on.:
the dislocation density and size gnd disﬁribuﬁion_of precipitates could'not
e es%abl;éhed by:éubstfuctural invésﬁigétibn 5lone. Thomas'etwél. (10), .
uéing thefquynamical éonsidefations have shown_ﬁha£:of'the eiementé Mo;mi "
Cr, V, and Nb, Mo is the most beneficial and Cr leasﬁ,'whicﬁ is injagrees
megt with.thebméchanicai property meésurements.> From the sliéht témper_
ing work done.in the microséope;\it seems thaf the alloy steels are
little affected, though éystematic‘tempering expefimeﬁts may be necessary

to arrive at the full importance of this parameter.
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The carbon content is of considerable practical importance.. We

.havé aiready establisbed that deformation causes preéipiiation in aus-
formed steels. Theoretically, therefore, for a given size and diStribu—
tion of précipitation desired) cne cen calculate the amount of carbon
required, e.g. for MoC precipitation of average particle.size df SO@
diameter, uniformly distributed at lOOA_separation, the theoreticallallby
content would 5@ i.YS%'Mo end 0.22%C. It would thus seem that in an alloy
of say. 3% Mo, a carbon content of 0.3% would be enough for ;omplete MoC

" precipitation. Whaﬁever excess carbdn.is present in sélid solutioh

wili be an added Benefit in solid’solution stre$gthening. _ However, a.
'higher perééntége of carbon.givés‘rise to twinning, ?oorer-ductilityr

and more retained austeﬁite.

The observations suggést that in order %o obtain éodd ductility' 
twinned martensite sﬁouid be avoided,' The écqurfence’éf tfanéformation
twinning'depends on‘the MS température which,.iﬁ tufn,_depends on the
amount of solute in solid solufioh} vMost.alleing elements ﬁhiéhuaré
beneficial in éusforming are also those wﬁich lower Mé and conseguently i
favor twinning. Thus, alloys and comeSitiqn mﬁstvbg'chosen such that
the amouht of twinning is minimiZéd. in'addifioﬁ,.as observed in the

398, 2 large addition of a particular alloying

present case for»st_;!
element may lower thé sfécking fault enefgy'of_austenite and févor mech-ﬁ;
anical tﬁinning dﬁring deformation. A;high pfopbrtion bf alloyiﬁg |
elements may also lower the Mf temperature éudﬂ that large aﬁounts of
retainea austenite may be obtained.

The solid solution Strenétheningrfrom soluﬁe eiements is probably

small, unless the stacking fault energy is changed appreciebly (1L).
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One function of sqlutes is- to cause a favorable Ms aﬁd a béy region

in the TTT diagram for the process to be-carfied out at appropriate
temperatures and for sufficient times without.trénsformation. Secondly,
enough of the most beneficial carbide formers shéuld,be-present in |
order to provide a high.density of small, stablé~precipitates. Some

of the alloying elements will heve to be controlled on the basis of

other specific pfoperties.of steels, e.g. weldability,‘corrosion'

resistance, etc., but these are not considered here.
*

E. Control of Proverties

In this sectién; in the light of ?revious and present bbservatibns,
possible ways of achieving the highest possible engineering strength !
(i.e., high U.T.S. and desirable ductility) will be discussed. _O‘tain;
ing higher strengths would regquire that as many barriers to dislocationv
motion be provided as pbssiblé;"withbut ihtrgducihg other substructures.
such as twinning which might impair the ductility. As shown 'in the
present work,‘two effective barriers to disldcationimotion are the
high density df disiocations and precipitaﬁes.

As discussed in section C.k, the stfengthening.dué to the dislo-
cations is given by fv='S G b Jh)- Thé maximum theoretical value for N_
. 16 e
is ®= 107, in vhich case strengths of the order of G will bg obtained.
Since the ﬁheoretical strength limit is G/lS, the maximum possible

dislocation density will be ¥ 10 .. However, in these cases little
or no plastic flow can be expected. Even so, there is a limit to
the possible dislocation density obtainable by static.deformation,

though, such ausforming methods induce precipitation and so provides ..

‘
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more sites for dislocation multiplication. Iﬁ is beliévgd that ekplosive
deforhation as’ a means for éubstantially'increasing aislocation densities
needs to be explored more, especially in the case of ausformed steels.

It is known that the dislocation density can be considerably
increased with explosive deformation, e.g. by explosively defofming
nickel, céll sizes of half those obtained by sta%ic deformation are
obtained (15). This would roughly double the dislocation density. As
multiéliéation at precipitates incieases thg.dislocation density‘by

“

about a factor of dislocation densities as high as those allowed for
} .

\J1

’the theoretical strength may be attained. However, exploéive deforma-
tion canlinduce twinning in FCC metals after a particular value of
pressure (depending on the technique of shock loading) is attained.‘
This value of preséure has been shown 10 depend on tﬁe étacking fault
.energy of the Cu—Ai FCC alloys (26). 1In iron (3k4) explosive-deférmﬁtion
has been_shown te induce'allotropic transformations at>high-pressures
:(lTO kbaf and higher). Thus,vif the composition and pressﬁre can be
properiy'controlled éo that the-occurrenqe-of twiﬁning and‘other vhase
changes are avoided, shock loading may_provide a ﬁeaﬁé for - further

~

increasing the dislocation density and stfength.

Précipitates alsovprovide a mecﬁdnism for-increasingvthe dislocé—
“tion density, providéd they remain unsheared during defbfﬁation. As o
shovn by Kelly and Nicholson (28), whether a precipitate is deformable
Qr'nbt de@endé onnr, the surfaée enefgy of the precipitate; rIt_can.be
shown that vy is directly depéndent_on the: bond epergy'éf the'precipita:v”
't;ng phase,land thus the higher the bond energy, the §tronger the particle

B

in resisting shearing (10). TFor higher strengths then, stronger particles
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of small sizes would bevmore beneficial (where the size and distribution
is éontrolled'through camposition.and degree of deformation), than par-
ticles which would deform easily. However, deformable varticles may give
greater dﬁctility. Variocus alloying éonditions should be investigated in
order to obtain dispersoids.such that the final product has .desirable
ducﬁility at the highest strength levels. Tt ma& also be possible.to
introduce some such deformable particles befdrehand and theh introduce
dislocations through explosive deformation. . A combination of these

various paraméters should enable stronger and tougher materials to be

made.

" CONCLUSTIONS
1. Precipitation is observed in a&ll of the 30% ausformed éteels in -
both auvstenitic and-martensitic'conditions. Precipitation is not

observed in undeformed or 8% ausformed steels. .It is shown that a

critical amount of deformation is necessary to nucleate the precipitates. .

The growth rate of alloy carbides is very small, unless the temperature

is high enoﬁgh to redissolve the preciplitates. The growth rate ovaeSC

is large, hence carbide formers are beneficiel in stabilizing precipitates.

2. The bvenefit of precipitates,fé pfbperties-is by providing.sites for
dislocation multiplicétién'and by pinning the dislocatiéns.

‘3. Carbon in steels is necessary_if ausforming is Eo}improve propef-
“ties. ‘The beneficial effect of carbén is indiréct in tﬁat it.provid¢s
precipitates which,tiﬁ tﬁrn,'ingreasé thé dislécation'density during
ausforming. Solid solution Strengthéning due to.carbon ié.small, C
provided it is mostly used up by precipétation:of.cafbidés. 'A nigh

carbon content in solution is harmful to duetility, and inereases the



4

amount of retained austenite.

4. The high strength of ausformed steels is primarily due to the very
s T, . . .. 13, 2 . s . s ;
high dislocation censity (~10 /cm ). The total dislocation density

includes contributions from deformation of austenite, multiplication

at the precipitates, and from the invariant shear strain during the

phase transformation. )

5. Pfecipitates'are also observed in ausfofméd Fe-ES% Ni-O.S%C steel,
but its strength is inferior as compared to other steels, due to‘the
ease with which cementite can grow; ‘-

6. In ccnventional steéls; transformation twinning during the merten-

sitic reactions is favored primarily by the effect of solutes on the

b

M_ temperature of the steel. The rise of M_, due to deformation and
. 2 ' . .

pn

depletion of solutes Dby precipitafion, COL;iderably deqreases the-
extent of ﬁwinning in ausformed steels.

T. The absence of twinning and presence of a very high'den;iéy of
dislocations are favorable to ductility of ausformed steels.;

8. Mechanical ﬁwinning-whs cbshryed in austenites.of some steels and
is thougﬁt to 53 dué'to the-effept of solutes énithe staékiﬁg,fault

erergy of austenite.

9. The selection of suitable carbide forming alloying elements and

their amounts should depend on their diffusivity, their effects on = .-

\

stacking fault energy and Ms,and M, temperatures, besides considera-

tions specific for a particular application.

]

10. To achieve still higher strengths, explosive deformation of ausformed

I

. steels as a means of increasing dislocation density may be used. TFor

better ductility, at high strengtbs, xplosively deformed dispersion
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hardened materials containing deformable dispersoids or ausformed steels

cf wroper composition so as to result in deformable precipitates may be

beneficial.
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