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- ABSTRACT

~ Substructures of conventional and ausformed steels were examined
using transmission electron microscopy to determine the causes of

strengthening of these steels and to better understand the role of the .

parameters of ausforming. Steels based on Fe-25% Ni-0.3%C, with car-

-:bide forming alloying elements (Cf, V and Mo) were examined in both

austenitic and martensitic conditions. Undeformed steels were studied

~ and compared with steels ausformed 8 and 30% at 100°C and SOO°C. Dark
. field analyses were done in most cases to study:substructural features

“'such as precipitates and twinning.

Precipitates and a high dénsi%y of dislocations were observed in
sustenites and martensites of all 30% ausformed steels. A criticai
emocunt of ausforming was necessary to nucleate the precipitates and

this amount was between 8 and 30% in all the steels examined. The

" precipitates are identified as Fe3C, VC, MoC and probably Cr23c6; For

the steels containing carbide formers, neither the precipitates could

 be grown nor the dislocation density reduced by low temperaturé

témpering in'the microscope. Similar treatments produced, extensive

‘growth of cementite in Fe-Ni-C steel and this accounts for their

Ve g i oepa t t e AeeseeimatE . ebekents e o &
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the two temperaﬁures of'deformafion and different compositionsjof the
steels shbwed little substructural differences.

The highef strehgth rgsulting from ausforming is primarily due o T
the increased dislocation density. The pfecipitates play an important |4
'iole by providing sites for dislocation multipiication and pinning.

' Thé ?ole of carbon in strengthening was mainly through providing
pfecipitatesf No systematic variation of martensite plate sizes with
_aUsforming parameﬁers couid be detected.

The'éxﬁent of.twinning in martensites decreased With ihcfeasing
.ahount‘of auszrming. This suggested‘that the bccurrenée of transforma-
tion twinning was favored by a low Ms temperature. Twinning in some
aﬁstenites was observed. This may be due to the effects of solutes
1ih IOWefing‘the stacking fault energy. The absence of twinning and.

‘:the high density of dislocations probably accounts for the bepter
-duetility of ausformed steels.

It is proposed that explosive deformation of gusformed steels,
allqying and ausforming_tO‘give deformable precipiﬁates, and explosive
deformation ofrdispersion hardenéd materials containing suitable pre-
cipiﬁatés be investigated further to obtain materials with higher

strength and better ductility.

K
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I.  INTRCDUCTION

. Cbld.working has always been used as a way of strengthening
materialé, thougﬁ usuelly at the expense of ductility. However, with
the increésing.demaﬁd for stronger and tougher materials, new ways of
strengthening have been developed. Thermal-mechanical tTreatments,
chnsisﬁing.of introducing mechanical strain at some point of & heat.
Stfeatment cycle, have been developed to.obtgin further'improvement in
| éfrengtﬁ'and‘toughness. Ausforming is one such thermal mechanical.
treatﬁent in which metastable austenite.is @eformed without recrystall-
cization befofe transformation to martensite;l In this process the
éteél selected has to be sﬁch that a suitable metastable auétenité
region (the so-called.bay region) is produced in'which ausvenite can
be worked, and the hardenability of the steel is 50 adjﬁsted that it
~does not traﬁsform to non-martensitic produéts_anyvhere‘during the
deformation, By this process thé-ténsile stfength is raised as much

-~

' 2 . ; . Ca . . :
as 30 - 50%, with usually an enhancement of ductility and toughness.

Tbe iﬁcféase@ stfength of éusformed steels is directly t
‘the amount of deformgtibn.3 |

Thié ausforming process has been the éubject of ﬁumerous investi-
'gations which have been'recénfly reviewed by Phillips and Duckworth,u
 and Mar_shall.5 The main metallurgical interest nas centered around
oétimizing the process parameters so»that thé best combinstion Qf
»étrgpgth and ductility.is obtained. These;parameters (viz., temperature

of deformation, amount of deformaticn, carbon content, alloy content,

tempering time and temperasture, and austenitizing conditions)»are,



however, intimately related and it is difficult to make generalizations

5

. , L
about the process (see e.g. Phillips and Duckworth ).
For ausforming to be beneficial, it is essential thal the steel

contain some carbon (>0.1%). The results of Floreen et al. on stain-

oy

less steels clearly prove that in steels where carbon is absent, col
working gives higher strength than ausforming. However, the exact role
played by carbon has been rather unclear, although a number of sugges-
tions have been recently put forward, e.g. precipitation hardening from
: . T-11 .., . . . 4 e e
. alloy carbides, although no direct evidence for precipitation has
been found until this research was done. Solid solution strengthening
by carbon. is known to be an important factor in martensite strength

12 R . o . . .
(e.g. Cohen '), and it should be a contributing factor in ausformed
steels also. However, the carbon content has to be kept low to obtain

better ductilityl3

and-to avoid large amounts of retained austenites.
Apart from the three factors mentioned so far, viz. work hardening
due to mechanical working of austenite, precipitation hardening due to
.u ! . ‘-\ .'.
possible. carbide precipitation during or after deformation and solid
- solution hardening due to carbon, two other effects have been considered
. R e NS
for strengthening in martensitic steels. They are twinning due to
the transformation strain and refinement of martensite plates due to
.. 11,15 16 . '
. worked austenite. Speich and Swann™~ have shown in the case of
Fe-Ni martensites that internal twins are not an important strengthening
mechanism, because no sharp increase in strength was observed when

internally twinned martensite plates appeared. The work on explosively

. ] 1 . e
deformed nickel 7 also showed that twinning does not appreciably increase




the strength. These results indicate that twinning is not an important

~: . .. . mode of strengthening. Although refinement of martensite plates was
’-x. - ' . L) : : L 4 o N . : : 15 Ry
; ' - previously thought to be an important factor in strengthening, there

are observations which would suggest that this may not be so.
With defdrmatién of austenite thére'is'an increase in dislocation
density. If these dislocations are to be effective in str eﬁguhéﬁln
.;”  v_ :. 1t is essential that they survive the transformation sustenite to mer-
tensite. The dislocations could aid in inducing precipitation by increasing
directly or indirectly the diffusivity of alloying elemeﬁts. Béfore re-~
cipitation occurs, it is likely that carbon forms atmoépheres about dis-
locations. Depending on the temperature and amount of deformation, the
nucleation of carbides may be very high, but the growth rate would be
limited,' From thermodynamical considerations, alloy carbides rather 
than cemenﬁite are likely to precipitate under-usual conditions“ The
alloy carbides formed Woﬁld therefore be very fine and diffiéult to
‘detect. Previous thin foil, and extraction replica work haveAﬁot peen
.‘successful in determining the existence of such carbides.7—9 .Thus, sC
far, there has‘been no direct evidénce>gf cérbide precipitates. This
briefly'sﬁmﬁarizes the current thinking aboﬁﬁ strengthening of ausforméd‘ 
steels. |
From the review so far, it is apparent that most of'tle work done
T _6h ausformed steels has been either on'mechanical propertiés_or on
f‘%~ ; Lo explalnlng these on the basis of some metallograanC and extraction
'f‘: ;  f  ‘ 1Jrep11ca work, but no attempt has been made to study the subSUrLCuure in

detail The present work is an attempu in this dlrectlon. Steels were




vdesigned with a view to provide a range of temperatures for deformation
to enable examination of both metastable deformed austenite at room
temperature, and 6f martensité cbtained by quenching these ausgenites
- in liquid nitrogen. A base composition of Fe-25 Ni-0.3C was utilized.
With a constant carbon content of 0;3%,‘the alloying elementé and nickel
content were adjﬁsted to provide a favorable Ms. Three diffefent‘alloy—
ing elements, V, Cr and Mo, were investigated to find which of the thrge
f&as most beneficial. Three important parameters were chosen fof this
‘work, viz. degree of deformation (undeformed, 8% and 30%), temperature
of deformation (100° and 500°C), and composition. The steel compositions
and their Ms temperatures are listed in the ftable below. .The_steels wiil

be referred to by their heat numbers.

TABLE I
S , %Alloying Austenitizing.

- Heat No. %G BN Element Temperature- Ms
1410 0.3  27.9k . 1200°C _ 8¢
1398 0.28 2h.o2 4.50 Mo 1200°C Below-77°c
1541 0.32 16.L0 4.72 Cr 1200°C -16°C -
Wo2  0.29  oh.73 1.85 v 1290°C - 3°C

This Work'was Jointly undertaken with thé_research labbratories of
 the Ford Motor Company at Dedrbofn,-Michigan and Newpbrt‘Beach, California,
who prepared the steels ana carried out the mechanical testing. vThe
électrpn metallography and correlation fo mechenical propertieé vas thé

objective of this thesis. Preliminary results of the investigation.were

-



reported at uhe Be kéley.Conferenbe'in Juné;:l96h 18 ReLerencc to uhe

mecnanlcal p*operty data thereln reported will be made where neces y.-"'

C .



The composition of the steels investigated is given in TablevI.
The steels vere gi#en thermal mechanical treatments af the Ford Laboratory
(described in Appeﬂdix I). For the electron microscopy, lO samples were -
taken from each steel as described below: two from steels with no
deformation - one austenitic; and one transformed <o martensite;~fouf
from steels deformed at 100°C ~two 8% and two 30% deformed, oné éach,fér:

"each deformation in untransformed and transformed conditicns; and simil-
: ! :

arly four from steels deformed at 500°C.

As was found later, the Ms of steel 1398 was too low and hence very

¥

little martensite was detecteq in the microscopef' The Ms for sﬁeel lQOE
was higher, and almost all steels showed the presénce of marténsite;
more s¢ in case of'deformed steels because Ms is raised by deformaﬁibn.
Specimens 0.005 ins. thick, obtained by chemical polishing in 30%

A_vHEO2 -.phosphoric gdid‘solutionlafter thermal mechanical freatmént; were
.supplied by the qud Laboratory. These were then electropolished usiﬁg
the window technique in ¢hromic.a§id—a¢etic acid (QTO-cc glacial acetic
écid, 14 ccrdistilled'wafef and 60 gm chromic acid) soluticn. Thin
failé Weré cut from the polished sheets, mounted in single or dbuble'
'tilﬁ sfages, and exaﬁinea in a Siemens Elmiscope Ib miéroscope,_operated
ﬂ_af 100 KV. in order to preserve as clean a surface as possible the
spécimens were éxamihed'immediately after preparation; buﬁ:tracés of,;
fiimsb(probabiy bxiae) were observed in some caées.

The dark field technique was mostly used to study the precipitates,

s bt o <
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'-tw1ns, or other flne Su uefures. Lt WlLl become cleaL Cufln u‘e:'

: A
. , o : : b
fdlscus51on of results that aark ¢'eld worh is an abuolhte nece551ty Ln

uhlS type of elec*ron m’CTOSCODlC 1nvesb1gauﬂoa. Theldarkjfleldiimages -
_can be obtainea either oy un tilt or without gun Lilt Alv uo i+ is’

qulcker to obtaln dark flela 1Wabes w1uhout tlltlng uhe.gun,{mexlmum

' resoluulon 1s ootalned on;j when the elecnron gun is tilted so 'that

AR

’_the dlffracted rays pass dcwn uhe opulcal axis of the electrdﬁ mic:oscope{'

Emnna51s is placed on 2 aeua1¢ed reuallooraphec analy51s oF uhe
. 'various substructural features invaustenite and martensite. These

“include dislocation arrangements, precipitation, and microtwinning, and

involved examination of many electron micrographs and diffraction patterns.




When "alloy steels" are referred to, this means steels containing car-

IIT. RBSULIS
" The steels will be referred to by their heat numbers (Table I). } y

bide forming alloying elements in addition to nickel and carbon (e.g.

steels 1398, 1402 and 1541). -

A. Structure of Austenite

‘1. O’ and 8% Deformetion

Figure 1 shows the structure of austenite for steel 1410 in the unde-
formed state. The structure shows that in many areas very few ﬁislbca—
tions are present (e.g. 1(a)), but.some areas show a relatively high
density (e.g. Figs. 1(b), 2). This indicates that the austenitjzing
freatment doés not anneal out all of the dislocations, which is not
surprising because of the relatively low temperature (Table I). The
dislocations in Fig. 2(aj all lie along the traces of {111} slip planes,
(1ying at 60° to each other,vthe foil orientation being [111]). This
was also true of steels deformed 8% (é.g. Fig. 3). 1In all these cases
no evideﬁce fof any precipitation was Qbserved. These structures are
similar to dislocation substructures observed.in oﬁher plastically
deformed metals and indicate that the deformation normally teakes placé

by slip and not twinning. The density of dislocations observed depends.

. : : _ , »

~on the orientation of the area being examined and its relation to the
deformation process, i.e. the amount of resolved shear strain. : S~
2. 30% Deformetion o _ v ' 4

' In contrast to the structure of 0 and 8% deformed steels, the




“structure after 30% deformation was different. Structures such as

i

shown in Fig. 4( for steel 1398), comsisting mainly of dislocaticn

tangles were now observed. The cell walls do not lie parallel to siip
planes, indicating considerable cross slip has occurred. Dislocations
v,

lie along the slip planes for metals with low stacking fault energy and

thévobservation of tangles would suggest a rise in stacking fault energy

. which favors cross slip. This is taking place by the removal of

‘alloying elements by precipitation, although this micrograph and like-

wise ' many other plates were taken which showed no visible evidence of
precipitation in bright field. However, when dark Tield work was done,

it became clear that small precipitates were present in the sieels.

Figure 5 shows a bright and dark field pair from steel 1398, 30%

deformed at 500°C. ‘The diffraction pattern in (c) is [011], with the
dark fiéld ﬁicrografh taken_on.spot A, which as shown in thé following;
includes a precipitate reflection as well as the (111) matrix reflection.
Rgversal of cbntrast indicates the presence of‘precipitates.

Soﬁe of the austenitic steelsvwére alsé examined using the XRD-5

diffractometer. This gave a lattice parameter of about 3.604 for -

- austenite and showed no evidence for the presence of carbides. The
electron diffraction pattern (Fig. 5(c)) shows streaks near the 200 and
220 type spots, which are seen more clearly in Fig. 6(c), elong with

faint continuous rings. From the measurements of the distences of

these streaks, the 'd'_values corresponding to these can be approximately

obtained from the camera constant equation. The two average 'd' values

H

so calculated for streaks near 200 and 220 spots for the electron



diffraction patterns in Figs. 5, 6 and 7, and others (not submitted
. o o L.
here), correspond to nearly 2.10A and l.ABA, respectively.

. (o]
For austenites, d = 2.084, so that one of the carbide diffrac-

taken at a (111) spot (e.g. Fig. B(b)), as well as at the streaks.
Normally, however, the streak or ring is too faint to be seen cn the
microscope. screen (Fig. 6(c)), aﬁd_the dark field micrographs are taken
with the objective aperture placed over aAEOO matrix spet. The ccrres-
ponding streak is also inciuded in the éperture so that contrast rever-
Sal‘for carbides isiélso obtained (Fig. 6(b)). Some times this can give
‘rise to Striking.contrast revérsal (Fig. 7(b)). The presence of precip-
itates in this steel is thus confirmed. Precipitates are not prcduéing
étrain éonfrast'beéause Their dark field imege is of ﬁnifOrm intenéity

(Figs. 5, 6 and 7 for steel 1398), i.e. not black-white "lobed" images

_ . ‘ . 1 .
expected from coherent precipitates such as G.P.- zones. 9 It

cluded) iherefqre, that they are incohnerent, i.e. discreet dispersoids
rather than ¢lusters or zones.

Similar'observatiqns‘regarding the presence of precipitates were
 @adé-on the éther steels. Figure 8 shows the substructure containing
& high density of dislocations and ?recipitates in chromium and
Vanadium* steels, (steels 154l and 1402, respectively). It was -

: : _ . . X

‘observed from the diffraction patierns in all cases that the streaks or

W .

faint rings (as in Figs. 5, 6 and 7) due to precipitates appeared again

-#In the case of Geformed venadium steel, as mentioned earlier, it always
contained some martensite. The ares shown 1s therefore retained austenite.

>

L2

‘i



" near the 200 and 220 spots. This may suggest the pessibility of

for steel 1398. Tne meaS““ements from the ring vattern and the. resul

11~
£ some
orientation relationship between the precipitate and .the matrixj however,

this cannot be derived because of insufficient reflections. The obser-

G gy e

'_vatlona of these streaks does not necess arily imply an orientation

relationship because the intensity of precipitate reflection may be
enhanced due tQ somé overlap with the intensity of the matrix reflection
(e.g. in Fig. 6, the intensity of the faint continuous ring is higher
near the matrix spot than elsewhere).

Sometimeé thin edges of the foil polygbnized-and in these regioms-

t

the precipitates were observed to be larger thaen elsewhere.. This is

(=N

probably associated with the ease with which the dislocaticns anneal
: . . : . l

from very thin edges as a result of heating of the sample in the micro- -

scope because of the electron beam. One such case is shown in Fig: 9

therefrom are recorded in Teble II. The dark field image from & p01n*
“on the first rlng shows the contrast reversal for precipitates. The

carbide rings also include the same d-spacings as were obtained from the

spot pat erns (Figs. 5, 6 and 7). Alt hougn the 'd' values of carbides
obtained are not very accurate, 1t is possibl e to identify the carbides

' ' . 20 o . . .
for steel 1398: In the literature, there are two carbides reported

Tor molybdenum, MoC and Moec, both of which are hexagonal. Within_the.

accuracy of results in Table II, .both carbidés show lires at 'd' values

of 1.46R and'lowerf_ HoweVer Mo C shows no line with 'd' velue in the

'neighborhood of;e;lA.' The existence of a 'q' value of ~ 2.14 proves

that the precipitates are MoC and not Mo,C.




-10-

TABLE IT
Measurements from Fig. 9, for steel 1398 (Mo steel) ;
Observed _ )
. ‘ - Diemeter of - Austenitic Rings Probable Carbdide '
. Ring No. Rings in Cm Ratiocs hkf Tor Matrix 'd' values¥®
1 y 1 1 2.084
2 - L.6 1.15 200
3 . 5.6 - - . 1.L64
kb 6{55- . 1.63 . 220
5 : 7.0 | A ‘ ' 1.18.3_
6 v-7.65 ‘ v 1;91_ ‘ 311 '
7 | 8.0 '2.00 222
I . | | 0.0k
9 86 S | 0.9h4
10 o '_39.10 | - 2.28 100
un 0.0 . 2.50 331
2 10.3 2.58 420
*These vélueéuared§aleulated fromfthé.cémera consﬁant equation.
*
A
a
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. 18 .
" replica work in which the precipitates were found to be Cr

e

Similar observations in the polygonized part of ©

o
5
}_1 0
ot
G

on Cr steels (Fig. 10). Calculatibns of 'd' values from th
pattern and its comparison with the 'd' values obtainable from the ASTM

. 3 20 o 2t g4 oo RN B -3 o N 1 A S
card file presented similar difficulties as in the case of steel 139
where the rings for lower 'd' values could nct be used to identify the
arbides definitely due to the limited accuracy of the calculated

: ° .
results. The line in the neighborhood 'of 2.1A4 is present in all the
. C . ’ o : o
three Cr-carbides reported (e.g. at 2.05A for Cr23C6, 2.12 and 2.0kA
for CrTC3 and 2. 12 and 2.104 for Cr 2).
P

lrom these observations positive identificaticn of carbides cannot be

In this case, therefore,

-

made. These results are, however, not in disagreement with extraction
C.

_ 2376

Similar diffraction experiments enabled the precipitates in vens dium -

steel (1L02), to be identified as VC and in steel 1410 as cementite.

These identifications are based cn Tthe best fit obtained from the com-

parison of the electron diffraction data of the present work with the

. Y < L .20 . -
- previous- published x-ray results. However, since only a few lines

could be_observgd.for.eééh;carbide<th§/results of identification may
not be conélusive,  | |

In Fig;'lO two &ark field micrﬁgraphs are éhown (b and ¢), oné of
which (c)‘is;faken with'the aperture'inside'the first ring. Most.

carbides have 'd' spacings which are higher than the minimum '&' spacings

- for the matrix'(e;lﬁjfof (111) in the case of fcc austenite and 2.084

for (110) in the case of martensités), e.g. there are six wmore lines

C,. If enough carbides are

with 'd' spacings higher than 2.05A for CrysCq



is obvious, however, that for such effects to show up, many vrecipita

-1k~

present, these will give rise to some faint spots (vhich may not be

easily visible) inside the first ring. A dark field micrograph inside .

the first ring mey, therefore, under appropriste conditions, show con- -

¢t

trast reversal for some precipitates. This is seen in Fig. 10(c¢). It 4

of different orientations should be present. This is unlikely to be
the case when precipitates are small and possibly not random.

Observations were made on steels deformed at 100°C also, and they

‘showed similar evidence of precipitation. Due to the complexities of

2.

the structure observed, it is not possible to meaningfully measure and
compare the sizes of the precipitetes or dislocation densities obtained
at 100°C and 500°C. From the observaltions there is very little differ-

ence in the structures observed after the 100°C and the 500°C ausforming.

3. Twinned Austenites

In a few areas of 30% deformed austenite of Mo stel (steel 1398) s ome
evidence of mechanical twinning'was,observed, both for 500°C and 100°C

deformation. An example is shown in Fig. 11. The diffraction pattern

. o . : " ot .2 ; .
+twin spots ccincide with some of the matrix spois. The analysis of

" this pattern (see Appendix II) and the dark field work show that the

Eal

structure is twinned. The dark field at spot A shows no reversal of

contrast for twins, but it does change contrast for the precipitates
and some;of the-dislocations in the matrix, showing that it is not a 4
. twin spot. At spot B, contrast reversal for twins takes place, as - o

would be expected; because this 220 spot remains *he same after. twinning

TN



h Vel

-
v

on either of.the (111} planes mentioned above.

-_AlthougH vefy few twinned areaé vwere found in Mo sﬁeél, ne evidence
fof tWinning was found in austenites of the other steels. This is the
Tirst time that mechanical'twinning ﬁas been cbserved in austenitic

steels that can undergo the martensitic transformeation.

B. Structures of Martensites

1. 0 and 8% Ausformed Steels

During the transformation austenite to martensite the lattice invar-
. . et 22 . ) , oo
iant shear occurs by slip or twinning. Previous work has shown that
twinned substructures are preferred when the solute content is high,
i.e. when the Ms temperature is low. The occurrence of twinning may

also be related to stacking fault energy althcugh no direct evidence
_ " ik

for this has yet been reported. Thus, Kelly and Nutting found a few

internally twinned martensite plates in plain carbcon steels containin

as low as 0.1L9%C. . The relative number of these plates increased with

' . . 16 L R
carbon content. Swann and Speich found twinning in Fe-Ni alloys

above 25% Ni. There is no% a sharp transition from dislocations to

twinning and both are usually observed ‘even in concentrated solid
solutions. The densest twinned area seem tco coincide with the so called
mid-rib near the centers of martensite plates.

The martensites of unausformed steels showed both twinned and

untwinned structures. This is to be expected because the sieel compo-

‘sition is based on 25% Ni and 0.3%C. Figure 12 shows two of the mid-

rib twinned structures from an unausformed specimen. The Righ density

of twinning at the mid-rib decreases cutwards to the edge of -the plate.
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These twins are not always continuous.

also be seen in the micrograph of Fig.

The twins lie along the traces of (112)

of their diffraction pattern is greatly simplified by a technigue

2

I,-J

" “described by Johari and Thomas. ~ The stereo

S

A high dislocation density can

planés and the analysis C.

grephic projection is an

aid in solving these patterns, end some of the slereograms are submitted

in Appendix iI;

Similar transformation twinning was alsc observe

and an example is shown in Fig. 13. for stee

jor
gt
3
I
-
.
&
n
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T
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the structure as observed in bright field, while. the dark field image

of the reflection A showed some evidence of twinning (Fig. 13(b)), the

contrast of which could be considerably improved by preper tilting

continuous, but are broken along The line, which in this case is ©

(Fig. 13(c)). The twins, as seen in Fig. 13(

), do not seem to be

trace of the (011) plane, the slip plane in bec structures. Observations

of .such discontinuous twins have been made before on steels

"

takes place over a range of temperature,
first be transformed by slip or twinning

first by a twinning shear, twinning will

well as explosively deformed Cu-Al alloys.2

23,2&,25}

As The martensitic reaction

the region to transform could
shears. 1If it transfcrmed

take place znd the defeormation

produced as a result of later transformation mey cause the twins to

~ slip. If the first shear is slip, many dislocations will be introduced

in the matrix, and if the twinning shear occurs afterwards, in these o

areas, the twins would not be continuous but broken because of their

interaction with dislocations already present. More exveriments are



"
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required before the phenomenon of discontinuous twinning can be fully

'understood;

The structures of o% ausformed st eeWsX ere similar to those of

unaﬁsformed steels, except that the relative amount of twinning was

~much less then in unausformed steels. Figure 14 shows two micrographs

from 8% susformed steel 1410. In both cases the twins lie along the

' ”traces of’ {112} planes. In Fig. 1lk(a), & dark field micrograph is .

‘submltted show1ng that some of the features of the twinned sitructure

:'are bet er resolved in darh flela than in bflgﬂu field.

Both martensite and retained austenite were observed,after 0 and

8% ausforming, Flgure 15 shows two. such structures for unsusfor med
and'Fig. 6 for 8% ausformea 1410 steel. Structures similar to .
.Flg. lS(a) have been Drev1oasly observed by Kelly and Nutting. From

"'obServations]of‘these steels'it.was not possible_to_suggest any change

in size of martensite plates as a result of prior austenite deformation,

“‘e.g. a comparison of the four micrographs in Figs. 15 and 16 as well as
~others not included here show clearly that the change in martensite

. plate size, if any, is not uniform.

_ Specimens austrmed 8% at either lOO°C‘or SOO°CvShOWed no evidence

',ror ﬁre01p1uatlon eluher before or after uranSIormaulon to martensite.
It was possible to 1nduce pre01nﬂtatlon, in a fev cases. in steel 1410,

‘:tby sllght beam heatlng (1 e. temperlnCr in tee microscone) Van example

"of whlch is shown jn ng. 17 Tnere are no extru snots baeistrcahs:

along directlons perpendlcular to the’ haolt blane of the precipitates

areseen in the diffraction‘patterns, t is not possible to identify



carbide. The plates seem to be lying on (112} planes and this suggests

that the precipitates are probedbly cementite. Tempering of bullk 1210

conventlional martensite also produces Fe3C as shown Dby carbon exitraction
replicas.

2. 30% Ausformed Steels

The substructures observed in martensites formed after 30% ausforming

in all the steels showed evidence for precipitation vhich is not sur-

vprlslng since the austeﬁlbes after 30% deformation also showed precip-

itates (section III—A-Q). Figure 18(a) shows a bright field image in

which it is difficult to resolve precipitation. However, once the

dark field micrograph (Fig. 18(v)) is taken, then, ‘as in the case of

austenites, precipitation is clearly evident. By simlilsr dark field

work, it was proved that o“ec1p1uates were elso present in the other

" steels. There appears 4o be no change in the number or distribution

of carbides from the austenitic to “he martensitic state.

Rings and streaks were not observed in the case of martensites

'obtalned from deformed austenﬂtes, tLough as seen in some of the dark

‘field mlcrographs, contrast reversal for precipitates was cbtained

(Fig. 18(b)). The reason for the non-observance of precipitate

reflectioms is simply due to the fact that the d-spacings of precipitate

and matrix are nearly the same; hence, both sets of reflections coincide

N

g(e.gﬁ'for the first two allowed reflections for martensites 4o ™~ 2 024
and dy5q - = 1. MTA and the obse rved e-spa01ngs for carbides (Table I*) are

2.08 and 1.461).

n



The structure of these steels vas, in'general, very complex due

- B . to ohe eercts of worxlng and Drec1p itation and LeC¢use-1eta1n a
- - austenite was always present. . Figure l9’shows such a.eomplex structure
1

for steel 1402, from which it is seen the et the aﬂslocau)01 density for
'retained austenite (v) is very'high.,vThe martensitic areas slsc contain
a high QenSWtJ of a¢slocat ons (Fig. 20). These mey not be revealed in

- some areas (Fig. El(a)),‘because of the orientation, vut once the

specimen 1s tilted, aislocations are clearly seen as shown in Fig. 21(b).

and show

b

The diffraction patterns of these steels are very comple
.very'many spots;“e.g. due‘to the small size of marvensite plates verwouo

This

o

:. orientations. of the marcensvtes and precipitates are.1¢lul nate
'was,,et times further complicated by diffraction from reteined austenite.
Flgure 22‘showe such a olfPractﬂon patitern end its ana alysis, while in
Fig. 23 the corresponding image and dark field micrographs froﬁ three
spots are shown.

The anelysis of this diffraction pattern is facilitated by'forming'
the dark field images of separate‘ref*ectionsoarising from different
. parts of the area.under iﬁvestigation.,_As seen in Fig. 23(v) and (c),-
'dark flelds -of spots Aand C separate cut two mermeosite plates which

.

are 1n [lll] and [061] orientation, respeetively.‘ The dark field

.

micrographvat spot B hOWever, also includes_oart of the reflection

SO -

from SDOu A (due to the llmltea abertuﬂe 31ze) When these areas are
L - - - separat ed the austenlue lylng beoween ohe two martensite plates M, and’
MQ;'is'seen'to reverse in contr st;"Reflection B is from the austenite

(Y) having orientation [110], and it is seen from the diffraction oatoc n




n

that the'[llb] axis for both M1 and M2 is parallel to the [111] axis of
the austenite. Thls is one of the orientation relationshivs expected
from a Bain tranSformation and heas been.reported_in some of the Fe-N
maftensites.ze Sometimes areas showing only one mertensite and one
austenite orientation could be observed (Fig. 2L), which satisfied the
reletionship [llO] ol [lll] within 3°. From these observations, it is
not possible to arrive éu the- general orlentatﬁon relationships as have
| been reported in other examples of martensit;c transformations.
Unlike unausformed steels the structure of martensites a
ausforming shOWed very little twinning. In some cases nc evidence for
uv1nn1ng was found, while. in others, very Tew areas vere twinned, i.e.
Fig. 25 for steel 1398 (Mo). Twinning is slso present in the austenite
of this steel (aftef.30% deformation, Fig. 11). As steel 1398 had a
very low Ms, most of the stnncture in This case was retained austenite
containing a heavy density of dislocationsvand precipitates. The
‘retained austenite also showna mecnun al twins in a few areas df steel

11398 (Fig. 26). PFigure 27 chows similar examples of twinned martensite

3
ct
[¢]
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in steels 1410 andniSlH, In all cases the twin plane in msrt
‘one of the-{liQ} Variants anf ‘sl. tions and DreCWp tates are }'ways
present in the martensites.

The effect of slight beam heablng aarlng mlC“ c“ébv observation
of martensite'was also investigated. It was fou;d that, in general,
 beamvhea£ing produced no‘visible e;f ct on the size of the vrecipitates
or diétribntion~of,diélocations.in the three 30% ausformed alloy steels.

The behavior of 30% ausformed steel 1410 was different, and as

13



mentioned in describing mertensites from 8% deformed austenites,
- S precipitation-of cementite was observed. Figure_28 shows the martensites
with- Drec1b1tates and alsWOcatLons after vllbnt beam heati On heat-
% - . ing a_littlevlonger, t@e-precipitates grow in size and give rise to a

Widmanst&tten. structure, as observed in Fig. 29(b). The cementite

-~ ..

precipitates'iie on (liQ) and (lél) planes, i.e. the twin planes, the
1011 belng 1p abprox1mauely [115] orientation. Figure 30 shows bright

and dark fleld 1mages from steel 1410 deformed at 100°C, and the
dllfractlon Dattern w1th its analysis is given in Sig. 3. . T
pattern clearly verifies that the precipitates are ceméntite, as well

as affordlng uhe follow*hg orlcnuaulon relat¢onsh1pa

1], || foo1l,

| , *e3C
[o12] || [1001Fe3c . o (1)
(2111, [} (00, 30

29

"Besides the above (1), there is another orientating relationship
reported for cementite which is as follows:

(013)p, ¢ e 0 [ (o11),

[O O]“e C

H [ljl]
_The present results clearly establish that the valid relationship is

as given in relaﬁionsf(l) above.

S I Summary of Ooservau¢ops on Austenites

-

@

1. Tne dlslocatlons 1ie along the traces. of slip plapc up to
: least 8% deformatlon. This would probably continue to be so with

further deformation unless precipitaticn takes place.




2., A critical amount of deformetion is necessary to nucleate obssr-

n

“vable precipitates. The results suggest that in 21l the four steels

[147]
i

with precipitates afier 30% deformaticn.
h)

4. The precipitates are found to be Fe3C (for steel 1410), VC (for

steel 1402), and MoC (for steel 1398). The precipitates in the case

probably Cr..C..
5. In the case of alloy steels it was not possible to reduce the
dislocation density or increase the size of precipitates by slight

beam heating of thick areas, but thin areas near the edges polygonized.

6. In the case of Mo steel (1398), some mechanical twinning in

4]
0]
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austeﬁite was Observed gfter 30% deformation. Thi
vbeen_reﬁorted previously.

7. .The dark field technique has been shownvto be of considerable’

' significance in studying important substructures like precipitates,

~twinning, ete.

D. Summery of Observations on Martensites

1. As for the austenites, martensites from O and 8% deformed steels

show no precipitation, while those of 30% deformed steels show
precipitation. B . ' e .
2. The amount of transformation twinning decresses as the extent of

deformation increases, until after 30% ausforming very little twinning

is observed.
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3. .Retained austenite from 30% ausformed steels show precipitation

and a very high density'of dislccations.

- - L. . Ausformed steel 1410 is found to be most susceptible to low
¥ temperature tempering in the microscope with rapid growih of Fe,C
‘ R ) >

precipitates. Ausformed alloy steels resist tempering, in t
precipitates do not grow appreciably and the dislocation density does

not drop.

5.. No generalizations can be made regarding the influence of .
“temperature or change of size of the martensite plates, after varicus

O © ausforming treatments.




- IV. DISCUSSION

A. Precipitaticn in Austenite o ' ' : .

The experimental observations have shown that precipitation of 3
carbides in austenite tekes place in ausformed steels after & certain
ﬂ‘ ‘ LI : 7)18 - >
deformation. - Previous workers have shown by Thermcdynamic
rguments that the diffusivity for the various alloying elements
involved is favorable for such & precipitation. In almost all inves-
tigations'of precipitation on substructures in iron basée alloys

: Wl 30 s k| s L + o S o
(rev1ewediby Keh et al.” ), a high density of dislocation favor
formation of fine precipitates, probably because dislocations provice
a high density of nucleation sites, and/or that diffusion is increased
as a result of the high concentration of vacancies which are generated
during plastic deformation. The absence of precipitation in steels
 deformed 3% or less and the comparatively lower mechanical properties

" of such steels suggest that precipitation is favored by large deforms-

tions. The difficulty of precipitation is thus probably one of

o

nucleation since when precipitation takgs place on closely syace
nuéleation sites, the Volume‘of mdterial invtLe matrix from which
pre01pitatihg'constituents can diffuse to a - silte is limitedf Thus,
nuclei, in. order to'grow,'wili'have to redissolve and diffuse to
other sifés; This pfocess is iikely To occur only on ﬁempering a
high'temperatureéf ‘In fhe.abseﬁge of any tempering effect, the.higher_ _ S
the améunﬁ of deférmatibn,vﬁhe greater are tie-number of nuclegtion _ ¢

more

&

iner an

o)

sites possible, and this means that precipitates are




4

observed.

. . v : . |
-specimens in. the electron microscopes are examined under identical

and ‘Gegree of deformation and subseguent

‘closely spaced. Both these favor high mechenical strength as has been

It is likely that some tempering takes place in the microsccepe

during observation. It should be emphasized, however, that all:the

o

conditions ‘and, therefore, if precipitation occurred oy beam hLuulnw

‘alone, sp601ﬂens deiormoa 0 and 8% would have also shown evidence for

- a

precipitation; ‘Since this is'not found, it is concluded thet th

[§/

precipitation cbserved is essentially defcrmation dependent. The size
and separation of DreC¢quabeS is therefore dependent on the temperature

tempering. After precipitates

have reached their maximum sizeJ no further change can take place,

EN

unless” the steel is suogecth 0 a temperature high enough to redissolve

some of the precipitates so that others can grow.

The observations also show that precipitates are retained by

marten51ue durlng the phase transformation. The effect of Tempering

J.

'on growLng oreﬂl 1 ates should be meore rapid in the case of martensite

thanAih the case of austenite, because the solubility of carbon in

martensite is lower. Precipitation is also observed in Ni-steel

. (steel lth), but this steel does not have as high mechanical properiics

~ as the other ausformed steels. In this steel (1410), the precipitates

produced‘by”deformation are cementite. From the tempering behavicr of

-_conventlonal steeLs, conta*“ﬂng noncarbide- ?ommlho el eﬂenus, it is

';known that'cementite Particles'geow ea31¢y and this is accompanied by

t

a deterloratlon of uens1le Surength durlnv t

h 4.

e carly stages of the.

'
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tempering process. It is also observed in the present case, that
cementite precipitates grow easily (Figs. 17 and 27), and that purposely

heating the foils in the microscope causes rapid growth into &

<

Widmsnstédtten pattern. It is therefore suggested that the comparativel
poor properiies of steel 1410 are due to the ease With which précipitates
can growv. |

Similer experiments in the microscope on thé othér steels shove

s attributed- to

B

-

no evidence for growth of precipitates. This result

the fact that the temperature was not high encugh to favor growth.
Indeed, this is confirmed by the observed tempering behavicr of susformed

.

steels where the mechanical properties are maintained to & tempersture as

13

high as 500°C.

B. Retained Austenite and Effect of Deformation on Martensite
The retained austenite observed in ausformed martensites contains
a high density of dislocations, which represents a contribution from

the austenite to martensite transformation as well as

inherited from the deformed gustenite. It was not possible to arrive

at any quantitative calculations of dislocation density for
austenites or martensites because the density was very high. It is

‘ ‘ . .
estimated that the latter is certainly about lO*g/cy2

=
O
s

—

. ;_y.
o
B
51

steels is larger compsred to the retained austenite of undeformed steels.

This is explained by Thomas et gl.”  on th asis that the propagation

[¢]
o’

of martensite nuclel is hindered by the presence of high density of

dislocations and carbide particles in the path of the growing nuclei.




e

2

’ ‘ 5 . ’ . N ) . . - e
be seen by the various microgravhs' (Figs. 19, 21, 2L). Some o

The martensité plates, in general, had no uniform shape or size as can

éréas_(é,g.;Figs. 20, 23) showed martehsite plates side by side, while
others di& ﬁqt (Fig. iQ); This is possibly dependent on the reasons
given éérlier.and aiSO'ﬁhe fact tﬁat the growth bf mar
may be étopped at times by other martensite plates.

From the analysis of various diffraction patterns (as is obvious

e

from the micrographs also), it was found that martensites of varying

orientations were present, and that the relationship of asustenite

rientation to martensite orientation could not be generalized in- the

~

case of deformed specimens. It was always found, however, thal one of

the [lll]A was nearly perallel to one of the [llO]N, even though the

o

same’ region may contain martensites of two or more orientations (rigs. .

22, 23, 2k) .

The substructure of ausformed martensites, i.e. the presence of

"high density of dislocations and absence of twinning is believed to be

responsible for the higher ductility of ausformed steels compared to

31

normally treated steels. The high density of dislocations prevents

the nucleation of cracks by slip. Twinning in body centered structures

32

- is known to be sn importent.cause of fracture. From its almost
complete absence in susformed steels examined in this investigation,

it would seem that the decreased amount of twinning is of considerable

o o o el Vs o o |
"~ importance for enhanced ductility of ausformed steels. . t
f

... C. Twinning

PPN

iy

In this section only the. factors influencing the presence o

i
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twinning in ausforﬂed Sueels will be considered. The electron diffrac-

tion vatterns from twinned regions end their c“y3ba¢70gvaﬁ1 aspects ' “

are explained in Appendix II.

4

The expurlmenual observations clearly show that the exten®t of

transformation bhlnnlﬂb in maruepblues decreases with increasing amcunt
o; deIo rmation of the meuaSDQOle austenite prior to transformation. It

.l_

is very llkely at twins may be enti. eWJ absent o

L 3
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~The factors known to affect transformation twinning in martensite

-are: _
. . - . - N . 1)4_ . L “
1. There is more twinning the higher the carbon and/or nickel

'3

contents. As both these elements lower the Mg temperature of steel,

thls means thau a low Ms texberauure Pavo“s twinning. This 1s to be

33), low temperature

,expected since in most metals (Cu for example

favors mechanical twinning. The lmportant factor must be the
ture dependence of the critical resolved shear stress for slip or twinning,
2. All alloying elements in steels except Co are known to lower the -

Ms and thus should favor twinning.

3. Little is known abouu uhe effect of stacking fault energy on the.

' ..c; . s : + ] ST ) Ty e et 27 R T
trans;ormat;on substructure, though Kelly and Nutting postulat
that twinning. is favored by high stacking fault energy of the austenites.
This agrees with the observation of twinning by Swenn and Speich in
Fe-Ni steels, as Ni is known to0 raise the stacking fault energy of
austenite.. However, fram work on face centered cubic metals” ’- it _ 3

is expected that the lower tnevstack;ng Tault energy, the higher is

the tendercy to twin. This would suggest that with regard to trans-




o¢;abion twinning,_tﬁe'effectiof §O;utes on Ms
their effects on S;Q king fault energy.
The present resﬁlfs,show cléarly t increagsing deformation of
»aﬁsteniﬁe opposes ﬁwinning; Thi cén be due to fhe effect of uéfgrma-
vtioh'and'tﬁe associated precipitation of carbides which dilute t©
solid so;ution;'both these factoré'arebknown to raise Ms. All the

" solutes examined in the present case (e.g. V¥, Cr, and ¥

34,35,36

"to lower the stacking fault energy.” Thelr depletion by precip-
itation should, uherefo*b, ralse the stacking fault energy and Tevor

L7

‘uw1nn1nn accorqlnb;uo Kell& and'Nutting.27 Since unis was not S0, it
further shows that Ns temperature rather. unan otucﬂLné ault energy of
the austenitesiis the.importaﬁt'factor in cetermining twinnin

iIt'is also_&drth noting that.tre sformat;on.twinning 5ccuré in
”bodj centered ﬁértenéite and since the bo&y centered structures in
AgeneraT have hig h'stacking fault energy,(thg latter parameter cannot be
T very important in s{eels which uﬁdergo the martensitic transformation.
' No observation of fau;ted martensites ha&e'been nade in steels whercas
. éu;Al alioyé.of low s%aéking fault energy undergo the lattice invariant

‘shear by propagation of“faults.3T

 In'the;présent wo:kvtwinniﬁg was also observed in & few cases Of
-mecnanlcélly Qé&5”mga auétenltcs and vetalréa ;as ites (see Figé. 11
iand 26) Thisieffect‘can be explained‘on the basis of sfacking Tauvlt

 energy alohe. While fhérevafe novaccuratg meésuremeits'df the.stackinq

‘fault energies of the alloys examined here, Mc is known %o strongly
lover the stacking fault energy of austenite.””  As mer rtioned ctreviously

@quenLtES, but obs rvations
V also 1o 2 ‘the stacking ¥




for fcec metals, therefore,

deformation by twinning. In the areas
fault ‘energy may bevstill lovwer because of locel segregstion.

Since the removal of élloying elements from sclid sclution Dy
precipitation would raise the stacking fault energy =nd hence <ppose
rfwinningzin austenite, it would indirectly seem (from the cbservation
of precipitates'witﬁin thé twins in austenites, e;g;
that precipitaﬁion cannot teke. place concurrently with.deformation of
austenite, at 1east in the early stages. This is supported by the
observations of serrated yielding éf avstenite during tensile tests.
Furthermore, no large precipitates were observed, even in steels
deformed at 500°C. _Ii the precipitation had taken place side by side.
or preceding the deformation, there would De ét least some varticles
wvhich would have beén of comparativeiy large size or at least thevre

would be a broad range or precipitate sizes cbserved. The cbservations

(Figs. 5, 6, 18) seem to suggest that this is nob 50, and thelt it may

)

be that the nucleation starts during the later stages of deformation,

with slow growth occurring with the passege of time. This isg similar

-

to strain aging, with possibly the aging taking place in & short Lime.
As the marténsites observed in thié work were nét obtained by quenching
'iﬁmediatelyuafﬁer deformation; but thevquenching vas done at a latew
time, agingvcould have-takenﬂplace in the time béfore.quenching. So
far thére:is no:éxperimeﬁtal eviaence to suggest.tais kind of aging

phenomenon, but the observations’ of substructure and serrated yiclding

would indicate such a possibility.

“»
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no such trend is apparent. In

D. Strength of Ausformed Steels

in this section the observation of substructure will e related

to strength. Neglecting the inherent lattice friction stress T and
solid solution strengthening due to suo°“1tubwo 1 alloying elements,

as they are comparatively small, tThere are five main factors which are

ct

mportant in strengthening.  Substructural observations of the presen
work suggest the following about each of these five factors:

1. Martensitic Grain Size
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metellographic examination of ausformed steels

o

indicates g decrease in martensitic grain size with ausforming, when

~individual martensite plates are examined in the electron microscope,

act, martensite grain sizes (i.e.

Hy

. - <
width of plates) were observed from as small as 300A (some of the

martensites in Fig. 28) to a few micrens and greater (e.g. as in Fig. 25,

-which.shOWS a 51ngle plate). This work would f hereIO“c clearly indicate

uhat there is no systemgulc var iation of WaruLnSlue blate size with
agsfo;ming,so that it is diff ult to corrélate grain sizé with
strengtheping. In view of other oﬁerr%@ing parameters to be discussed
in the following, it is felt ﬁhat‘this contribution is small.
2. Twinning )

As already diécuésed‘in Sectim IV-C, .the almost complete‘absehce’

of twinning in 30% ausformed steels would eliminate twinning as a {

factor in strengthening of ausformed steels. -However, the absence of

twinning is. favoresble to ductility.

3.. Carbon Content

Carbon is the mos® important Tfactor in strengihening of conventional
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martensites, the stfength levels achieved véry from 80,000 psi for 0%

to 280,000 psi for O.B%C.12 In the present case, the bdase composi%ion
had a carbon_conient of 0.3%. However, since ausforming results in
precipitation of alloy carbides, carbon is depleted from the scolid
solution;r The amount of carbon remaining in solution would be dependent
on the améunt of.carbide forming element present, and on the extent to
which precipitatim has progressed (i.e. depending on the amount of
deformation and temperature). In steel 1398, for example, MoC precip-
itates prior to the transformation. A simple calculation shows that the
ratio.of atomic percenfages of carbon_to'molybdenum is 1:2, and thus,
the ‘robability of carbon remaining'in solution is small. Similafiy,
for steel 1402 in which vC precipi£ates_the amount of vanadium is nearly
1.5 times that which would be reqguired to use up all of the carbon as
vC. lThese'considerations would suggest that the effect of carbén

in sclution must.bé.small. ‘Furthermore, in practiée,‘sfeelS'aré subse-
quently tempered, so that almost ail of the carbon would be removed from
solid solutiong

L. Precipitation
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From the structural oﬁservétions; dislécations and pre
the dominant features and thus presumably control the strength. Their
contribution, however, is related in the sense that creation of disloca-
tions and'accompanying point defects aid in preéipitaﬁion; vhile crea-
?ion of precipitates ald in increasing theAdislocation density by
Pinning the diglocations‘and by pro#iding‘sites fof disiocation

multiplication. To be beneficial in strengthening, the precipitate
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particles should be strong enocugh to rééist shearing. Kelly and

. 8 ; . s . : : , N
Nicnolsor;3 have shown that the critical size, T of a particle which
| | ' 26 b° . -
would resist shearing is given by r, = p— vhere G is shear modulus,

b the Burger's vector, y is dependent on the values of shear modulus
. G' and Burger's vector b’ for 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 in the present case is higher than these values

(though no data for G' of carbides are available, they are in the
renge of G — 5G) e.g., from Fig. 18(a) the carbide size of 50 - 1504

is obtained, it is unlikely that carbides will be sheared by dislocatiwms.

© Since the values of G'.and b' for carbides are not available, Thomas

ot 21,8 proposed that y may be related to the bond energies of the.

' carbides. Their calculations also show that carbides are inlikely to

be sheared.

The ‘strengthening dué to carbides, if considered alone, will be

'essentially of an Orowan type. However, the material is already in a

work hardened state due to the presence of a high density of dislocations.

Thus,'the éngineeringvyiéld stfength is'reélly a.flow stress measurement

which will not depend on the particle-particle spacing, but rather on

the total dislocation dénsity. Thé:contribution to stfength of the

 vparti¢les musﬁ,theréfére be accounted for, not on the basis of Orowan

yielding, but rather on their effect on the total dislocation density. .

~This is considered in the next section.

;5. Dislocation Density

'~ The substructural observations,of.auéformed steels on both sustenites

and martensite clearly indicate an increase in dislocation density with
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sum of contributions from the effects of deformation, dislocation
mulbiplication at the precipitates, and dislocatims genersted during
the phase transformation. Although it is not possible to measure

. ’. . » Fa PP .
the dislocation density accurately from the observations of thin foils,
: .y ) N 16 .. 2 s
the maximum value in a crystal cannot exceed 107 lines/em”. The struc-
ture is essentially work hardened and using the usual relationship for
flow st 39 g ot i
flow stress T,77 and neglecting the friction stress,v = B G b VN, where
8 is a constant = 1/L, G is the shear modulus, b = Burger's vector of
the dislocation and N the dislocation density. In general, for plasti-

O 1o 107°

cally’deformed_metals, N has been observed to range from lOl
lines/cm2.39..1n dispersion strengthened materials, provided the second
pﬁase is not cut by dislocétions, the dis;ocation multiplication rate
is greater.than in the absence of dispersoids béééuse off dislqca@ion—
particle inferacﬁions. Previous work has‘estimated'that the rate is

Lo-Le

increased by about a factor of five. ‘This would give a disloca-
tion contenﬁ of ausforméd mariensite of abéut 1013 lines/cm?, which is
consistentiwith estimates from the micrographs. |

tting.this number into the flow stress equation,t is of the
.order of G/50. For steels ¢ = 12 x 166 psi so the étrength.is calcu-
lated to be about 2L0,000 psi. The maximum strength for the alloy
steels is élQ,OOO psi.. The agreement is'c;ose enéuéh to state that
the high strengﬁhvof ausformed martensite is ﬁrimarily due fo the high

dislocation density.
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alone, though Thomas et al., using thermodynamical considerations
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E. DParameters of Ausforming

From substructural observations alone, it was not possible tc
determine any influence of temperature of ausforming, as has also been

reported. The substructural differences between ausformed steels

" containing carbide forming alloying elements and steel 1410 were not

found to be large. Precipitation of Fe,C in ausformed 1410 increases

3

"the strength slightly over conventionally treated i&lO. However, the
‘tendency for growth of Fe3C With'tempering rapidly_causes a deteriora-
“tion in strength. The difference between carbide forming alloying

' elements on the dislocation density and size and distfibution Qf,pre-

‘cipitates could not be established by substructural investigation

E . . ) } .
have shown that Mo 1s most beneficial and Cr least, which is in agree-

ment with the mechanical'property'measurements.l8 From the slight

tempering work done in the microscope, it seems that the alloy steels

‘are:little affected, though systematic tempering experiments may bde

necessary to arrive at the full importance of this parameter.

In future studies it would ve difficult from the observed substruc-

tural changes alone to correlate carbon. content, total alloy cocmposition

or austenitizing temperature and their influence on dislocation density

'o? size and distribution of precipitates. However, the presence or

-absence of twinning is easily recognized by electron microscopy.

The carbon content is of considerable practical importance. On

_the basis of the present work, one of the roles of deformation is

established as "causing precipitation.. Theoretically therefore, for

a given size and distribution of precipitation desired, one can caleulate’




the ‘amount ofvcarbon fequired, e.g. for McC precipitation, say average
precipitate'parﬁicles of 50§ diameter, uniformly distributed at 1004
separation, would require theoretically 1.75% Mo and 0.22%C. It would
ﬁhus seem that in an alloy of Say 3% Mo, a carbon content of 0.3% woul@
be enough for MoC pfecipitation. Whatever excess carbon is present in
solid solution will be an added beﬁefit in solid solution strengthening
but its limitations should be pointed out, too. A higher percentage of
‘carbon gives rise to poorer ductility and more retained austenite. Also,

greater stresses will be required for the ausforming deformation.

A higher percentage of carbon would %end to give internally

twinned martenéite plates, and this should adversely éffect the ductilivy.
Oné can apply similarvtheoretical éonsiderations in selection of sub-
stitutional alloying elements. The solid sclution strengthening from
these is probably small, unless the stacking fault energy is changed

X 16 . ) , . .
appreciably, One function of solutes is to cause a favorable Ms and a

Lo
¥

jO)

bay region in the TTT diagram fof the process to be carried cut a
appropriate temperatures and for sufficient.times without transformatibn.
Secondly, enough of the most beneficial}carbide formers (those wnich
w;ll diffuse gasily and whose precipitgtes:will ﬁot be éheared undér_
4streSs) shéuld be pfesenﬁ. Some of the alloying elements will have to
»be controlled on the basis Qf other specific properties of steels, e.g.
weldability, cbfrosion resistdncé, etc;;‘and ﬁhey are notvconsidered
“here. |
.Most'élloying élgmenﬁs which could be beneficial in ausforming ave
also those Which_lowér_Msvgnd'cohsequehtly fa&of transformation itwinning

HN
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in.marténsite. In addiﬁion, as observed in #he Present case fér steel
i398, a large addition of a partiéﬁiar alloying eleﬁent'may lower the
stacking_faulﬁ.energyvof auétenite and favor mechanical twinning
du:ing.deforﬁaéioh; A large adédition of alloying elements may also
iower the'Mf temperéture such that lérgé amounts.of re?ainéd austenite

may be obtained.

'F. Control of Properties .
) ]

H

In this section, in}the iight of previous and present observations,
possible ways éf.aéhieviﬁg,tﬁe highest possiEle engineering stréngth
(i.e., higth.T.S. and desiréblé aucfility) will be discussed.

Obtéining higher étrengths would require that as many barriers to

dislocation motion be provided as possible, without introducing other

-substructures such as twinning which might impair the ductility. As
shown in the present work, two effective barriers to dislocation motion

~are the high density of dislocations andvprecipitates.

As menticned previously, the strengthening due to the dislccations
is given by T =8 G b~N (page 34). The maximum velue N con have is

j : : ' :
= 10"6, in which case strengths of the order of G will be obtained.

Since the theoretical strength limit is G/15, the maximum dislocation

P . W - o .
density will be = 107 . However, in these cases little or no plastic
- flow can be expected. Even so, there is a limit to the possibdle
~dislocation density obtainable by static deformation, though , conven-

"tional ausforming static deformation induces precipitation end so

provides more sites for dislocation multiplication. It is believed

that exploéive deformation as a means for substantially increasing
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dislocation densities needs to be explored more, especially in the case
of ausformed steels.
bly

It is known that the dislocation density can be considera

increased with explosive deformation, e.g. by explosively deforming
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obtained. 7 This would roughly docuble the dislocetion density. As
“multiplication at precipitates increases the dislocation density by

5

about a factor of 5, dislocation densities as high as those allowed
X ) . . . . s 17,26
by theoretical strength mey be attained. However, it is known,
that explosive deformation can induce twinning in FCC metals after a

particular value of pressure (depending on the technique of shock

loading), is attained. This value of pressure has been shown to depend

1

43

on the staéking fault energy of the Cu-Al FCC alloys.2 In iron
explosive deformation has been shown to induce éllotropic transforma-
tions at;high.pfessures (170 kbar and higher). Thus, if the composition
and pressure can be properly controlled éo that occurrence of twinning
“and oﬁher Phase changes afe avoided, it Will be interesting to see how
much rise in diélocation.density and strength can be. obtained by
shock loading ausformed steels in austéﬁitic and martensitic states.
The role of the precipitateé in dislocation multiplicgtion in this
qaée shouldvbe‘interesting‘also.

Precipitates_inballoys cen be either already present (e.g. in
.disperéion hgrdened alloys) or later induced by some heat treatment
(as in age hardening). If the particles do not déform, they control
' | 2¢h

—, 2

the yield strength by the - Orowan relationship, i.e., | ¢ -
, N E

4
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being the particle-particle separation in the slip plane.  However, in
the present case, precipitation was induced by deformation, i.e. there
.. ' are large numbers of dislocations.and precipitates simultaneously built

into the structure. In this case The role of precipitates in strength-

ening is through increasing the dislocation density. The precipitates

s
-~

may'be'deformabie or undeformable. As shown by Kelly and Nichoison,D
whether a precipitate .is dgformable or not depends on v, the su}face.

energy of the precipitete. It can be shown that vy is direétly depen@eLt

én The bond energy of the precipitating phasé, and thus the higﬁer the

“bond energy, the stronger the pafticle in resisting shearing. Fof‘

higher strengths then, stronger particles of small siies would be more
‘bénefiéial (ﬁhere the size and distribution isvcontroiled thr@uéh

cémposition and degree of defqrmation), than perticles which would

deform eééily. ﬁowevar, eaéily défqrmable @articles méy give greatef

duvetility by their deformation aésthe levels of the éritical stress to -
shea} these particles.v By proper'selectioh of these parti;les, i.e.

by a study éf the dependénce of v on bond strength; it should be pessible

t0o obtain materials with desirable ductilities at higher streﬁgth iévels.

‘It may also be.possible'to introduce some sﬁchvdeformable varticles

beforehand and then introduce dislocations through explosivé deforma-

tion.:.A combination of various of these paraméters should enable

stronger and tougher materials to be made.
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V. CONCLUSIONS

1. _Precipitation is observed in all of the 30% ausformed steels in
both austenitic and martensitic conditions. Precipitation ié noct
cbserved in undeformed or 8% ausformed steels. It is shown that a
critical emount of deformstion is necessary %o ﬁucleate the precipitates,
andvthat fheir growth rate 1is very small, unless the temperature is
high enough to redissolve the precipitsates.

2. The benefit‘of precipitatesvto properties is by providing sites for
dislocation multiplication and by pinning the dislocations.

3. Carbon in steels is essential‘if éusforming is to improve properties.
Solid solution strengthening due té‘carbon is small becausé of its
removal due to'precipitation of carbides. A high carbon content in
solution is harmful to ductility, it incfeases the amount of retained
austenite, and probébly chenges the desired microstructure from
vdislocated‘to twinned martensite.

b The ‘high strength of ausformed steels is primarily due to the very
high dislocation density (~lol3/cm2). The total dislocatién density
includes contributicns from deformation of austenite, multiplicaticﬂ

at the precipitates, and from the inveriant shear strain duringvthe
phase transformation. |

5.' Precipitates are alsg obse;ved.invausformed Fe-28Ni;0.3C, butidue
to the easevwith ﬁhich'cémenﬁite can gfow, as compared to in other
steels, its stréngth is‘inferiof.

6. In conventidﬁalAsteels,'transformationvtwinning during the marten—‘

sitic reactions is favored primarily by the effect of solutes on the
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dispersion hardened materials containing deformable dispersoid

Iy

Ms temperature of the steel.  The rise of Ms, due toc deformation and

depletion of soclutes by precipitation, consideraby decreases the extent

of twinning in ausformed steels.

T. The absence of fwinning and presence of a very high density of
dislocaticns are favorable to ductility of ausformed steéls.

8. Mechanical twinning was observed in austenites of somersteels and
is thcought to be due.to the effect of solﬁtes on‘the stacking fault
energy of austenite.

9. The selection of suitable carbide forming alloying elements and

- thelr amounts should depend on their diffusivity, their effects on

stacking fault energy and Ms and Mf teLLeraﬁures; besides considera-
tions specific for a pérticular applicéfion.

10. To achieve still higher strengths, explosive deformatibn of
ausformed steels as-évmeans of increasing dislocation density may be

used. For better ductility, at high strengths, explosively deformed

oxr

w

ausformed steels of proper composition so as to result in deformable
. ‘ t

vrecipitates may be beneficial. .-
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APPENDIX. T

i . R ) : bk
The following is quoted from a letter from the Ford Laboratory

régérding the thermal mechanical treatment of stégls used in this work.
"The steels used were vacuum.melted and vacuum cast in 25 1b. ingots.
They Vere'hot worked to a rough blank size at lEOO°C. Prior to ausform-
ing the'steeislweré.machined-to various sizes such that each deformation
would produce g finished flat sample 0.125 in. thick, 1.5 in. wide and

about & in. long. The samples were re-solutioned at 1200°C or 1200°C#

“for .1 hour, air cooled to 500°C or 100°C and deformed 8 and 30% reduc-

“tion in -thickness, and water quenched. The samples were thinned by

chemically poliéhing £0 0.005 in. thick."

#Alloy 1402 wes reswlution heat treated et 1290°C.
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APPENDIX IXT

St andard Projec

ions and Analysis of Electron
Diffraction Pa ro

Tw1n ied Regions

A. Standsrd Projection

All through this work, standard projections of different orienta-
tions wére ofﬁen needed, and as thgy are not readily availablé, each
time they had to be dfawn for future use. Some of these are included
here. All standard projections drawn have been obtained by use of Two
_zone.laws, viz., (1) poles of planes belonging to the same zone lie on
 the‘$ame great circle, and (2) if (hl’ kl’ ﬁl), and <h2! L3 ﬁzj are
indices of two planes beionging to a zone [uvw], all (H, X, L) planes

whose indices are H = mh, * nh K=mk, £ nk, and L = mf, £ nfb m

1 e’ 1 = 1 27

and n being any integers, belong toc the same zone. TFor example if in
Fig. L8 (115 standard projection), the location of pole Oi3 is desired,
it isvseen that this pole lies on the greaﬁ circle joining 1i2 end 101
(as 112 + 101 = Oi3], and the grgat circle joining 011 and 001 [asl2

OOl + 011 = 0131]. Hence, the intersectién of these two great c;rcled
'givés the required pole. .Thié method is morevaccurage than drawing
angles, in théh the measuremént is.limited By gradgations on the

Wulff net (e.g. only 2° graduations on a 20 cm net).v Any other standard
projéction caﬁ bé drawn this way. The projections included here are
001, 011, 111, 012, _'112', 122, 013, 113, 023, 123, 223, 331, 332, Olk, 1ik
015 and 115 (Flgs. 32 to L8]. In each projection all 001, 011, 111 and

'1112 poles are shovn.



Analyses of some electron diffracticn pstterns from twinned regions
submitted in this work 1s explained here. The tetrasgcnality of Fe-Ni-C
L5

mertensite is so small that it is not detectable within the accuracy

. 0f this work ahd hence the martensite is tréated as bee.

Thevanalyéeé of electron diffraction patterns require fhe aid of
stereographic projections; use of dark field technigue, and at timés,
calculations from the tfansformation matrix arrived at in previous

s 21 . .
publications. From the application of the ma

trix it is seen that
(1) in féc sﬁructﬁfgs where twinning planes are {lll}, the Tirst two
allowed spots of an électfon diffraction pattern 111 and 200 wbgld be
éuperposed on spcts as listedﬁih Table iIi, and similarly (2) in bec
- sffuctures, where the twinning planes are {1121, the first twoballowed

spots 110 and 200 become coincident with those listed_ianabié III.

To avoid ffactions, polés like 333, 600, 330 have been used in the Table

(&3

. . ‘ - ) 11 e
because when & spot like 111 transforms to 212 by twinning, it mean

333

~that & 333 spot becdmes coincident with 511, similarly in the case of
“beé a b1l spot shall coincide with 330. When analyéing»the diffraction

patterns,.the first step (especially in cases such as the ones under

éoﬁsideratibn),_is to establish whether the structure is foc or bee.
This is easily done by the use of distance :aﬁio tables obtained from-

N Céméfa'céﬁstant eqﬁations:and aﬁgle tableé}‘ Oncé this.is dqne, fcc

spots iikeWSll are wat¢hed fof, e}g. in Fic. 26 (for @uéteﬁite),;hore

the.orientétion is between [001] and [015], l;llspot is present.: Tt

‘is expected that after twinning a 333 spot may coincide with 151, end

1
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TABLE IIT

New Indices PQR of the Pole pgor After Twinning® on

hkZ for bce and fce Using the Relations-

C. . .
P=pt—p"—5 >

h™ +k + £
. hk —i ]
Dar 111 T g Y 112
. ] -
333 333 330 | ITh
. . 303 - { 033
333 115 { 933 { 393
330 ! 330
333 151 303 ! 411
. g 033 ] 1
333 511 ; 600 ; kol
. | 060 : oli
600 2Lk ) 006 ; Ll
R _ g ) f
060 i L3l § ;
006 L3 : ;
. g

#*Since the twinning has been treated as reflection about the twinning
plane in stereograms and rotation asbout the itwin axis in the Table, the
two are related such that indices obtained by one are negative of the

A - 2lw . ) o - . ‘.
other because in crystallography a twofold axis and = mirror plane

normal to the axis also means a center of symmetry.
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since in fecc the'présence of a 333 spot would require ihe presence of
:a>vlil-spot, a 111 spot is seen near 020. Indéed, dark field work at
this faint spot A-chaﬁges contrast for the twins (Figs. 26(v)). Trom
the stereégram (Fig. 49) it is easily verified that the twinning plane
is (111).  |
Similariy, in Fig. 25<b) (which is from bec) where orientation

is [113], a L1l spof is present. By twinning it is likely to coincidé
vwith a 330 twin spot, the exaét value of which depends on thé_particular‘
plane on which the twins lie. The pfesence of a 330 épot'implies t}g
presence of the 110 spot, and it is seen that such & spot is preseht?
(Pigs. 25(b)). Since .in this case the twinning plane is established
as'(IQl), being perpehdicular.to the.fdil surféce, no stereogram is
- reguired because the twihning can be tregted by rotation along the‘
vtwﬁn axis (e.g. a line through origin'beréeﬁdicular to l2l).v The
extra spot present is therefore (liO)T.
However, this might not aiways turn out to be so¢ easy. Considering,
for example, Fig. 13(from martensite) it is first established that fhe
- foil orientétion is between [122]Aand.[133], and L1l spot is ?resent.
This suégests the possibilit& that this épét may coinéide witn.BBQ

after twinning, in which case a 110 séot'at 1/3 the distance will also
show gp.. In this case, however,'fhe'exact,tﬁinning plané is Aotb

established without the stereographic analysis. From the stereocoranm

)

(

in Fig. 50, it is seen that the twins lie on the (121) plane, and the
303 spot is actuwally superposed on the L1l spot. TFrom the same

stereogrem it is also seen That the twins are discontinuous along the
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tréce‘of (Oli); the slip plane in @hisvcase. Thé dark field micrograph
at the (ilQ)T spbt in Fig. 51 verifies this analysis.

The methodvdescfibed so far has been found to be applicable in
most Of.the cases foﬁnd in-thiﬁ vork. Another example for twins in
‘Fig. 16(b) shall be given. figure 52(b) gives the diffraction pattern
and Fig; 52(a) gives the dark field micrograph at spot A. It is easily

found that the matrix is bece with [115] orientation. By stereographic

‘after twinning the 411 spot coincides with (330)T, and the dark field
work at (llO)T spot which now shows up, reverses fhé cohtrasﬁ Tor the
twins. It is also seen that the twins are discontinuousvalong the.
slip plane (lib).

The analysis of electron diffraction patterns in which all the
twin reflectiﬁns superimpose on some of the matrix reflectioné has
been described elsewhereel and will not be discussed here. Figure 11(d)
is an examplévof the diffraction pattern anticipated there. It is
" verified by the stereographic énalysis in Fig. Sk.

This treatment of electron diffraction patterns from twinned
crystals is by no means complete as the.speCific cases may have To be
separately treated. However, the present analysis isvshown as part

of the experience gained during this work and to establish some

starting procedures for analyzing such patterns.
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Dislocations in undeformed austenite steel 1L10 showing that some

dislocations remsin after austenitizing. In some areas, e.8.

a relatively high residual dislocation density is observed.

oL

Residual dislocations in steel 1398 after austenitizing at 120

0°C.

The foil orientation is [111] and the dislocations lie along the

{111} planes.

‘Dislocation substructures in 8% deformed austenites.

is [123] and the dis-

hts
@]
i
}_I

(a) Steel 1410, the foil orientat

locetions agein lie along the traces of the {111} plen

(b) sSteel 1402, the foil orientation is [111], and as in Fi

the dislocations lie on {111} planes.
(c) Steel 15k1l. Clusters of dislocations, most of which ar
parallel to (111) or (111) plene, the orientation of th

foil being [110].

e

e

Dislocations in austenite of steel 1398 after 30% defcrmation

500°C showing random cell struciure.

(a) Bright field micrograph of austenite in steel 1398, 30%

%

at -

deformed at 500°C. The substructure shows dislocation tangles

and precipitates which are clearly seen in the dark field

micrograph, (b) taken of the 111 spot A in the diffraction -

(c) notice the streaks near the 200 and 022 spots in (c).

diffraction pattern is in [011] orientation.




is taken of A. The ring diffraction pattern in (c) proves that

-53-

teel 1398 as Fig. 5, showing dislocation subsitructures anc

- PR

precipitation in (a) bright field, and (b) dark field taken of

spot A of diffraction pattern in {c). Notice the faint rings

from carbides and increased intensity of these rings near maltrix

N

shots, e.g. near 200, 220, etc., the diffraction pattern being [001].

Hag

“Austenite in steel 1398, 30% ausformed at 500°C, showving a bend

contour in (a) bright field end (b) dark field. Since the dark
field micrograph taken at spot A (in diffraction patfern (e) also
includes the stresk néar the spbt 200, contrast-revéfsal fer
precipitates isbalso obtained.

Dislocation cell -substructures in austenites of 30% deformed (z)

Cr steel (1541) and (b) V steel (1402). The dark field micrographs

of these,:as in Figs. 5 to 7 show similar contrast reversal for
précipitates.

A very thin edge of 30% deférmed’l398 steel after polygonization

in the electron microscope due to slight beaﬁ heating. Precipitates

are seen to reverse contrast when the dark field micrograph (b)

& .

1,

austenite is polygonized and the carbides are of random orientations.
Notice that the precipitates here are larger compered to previous

1tified as MoC

»

examples (Figs. 5 to 7). -The precipitates are ide

(see Table II and text).

Polygonized ares in a very thin foil of 30% deformed Cr-steel 15kl.
The dark field (b) is taken on a point A &t the first ring of the
diffraction pattern (d), while the dark field (c) is - taken from

inside this ring.
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Mechanical twinning in austenite of steel 1398, deformed 30% at

1oo°c,

 Mid-rib twinned structures in martensite of undeformed transformed

steel 1410. The density of twins decreases outwards from the mid-
rib. | |

Twinning in undeformed transformed steel 1398. Tﬁough the twinning
is not aﬁparent in'(a), dafk field at spot A shows presenc¢ of
twinning in (b), which can be brought to better contrast by tilting
as in (c) (bright field). The diffraction.pattern in this case is
between [122] and [133].' The twins lie on (121), while théy are
disconﬁiﬁuous alang the (Oli) plane. See Appendix II for details

of diffraction pattern analysis. The orientation after twinning

~ becomes [001].
Two twinned structures in martensites of 8% ausformed 1410 steel.

. In Fig. (a), a dark field micrograph very clearly shows the

discontinuity of the twins along a sharp direction which corresponds

to the trace of the slip plane.' The twin density is seen to decrease

away from mid-rib. In.(b) extensivée twinning is shown in another

"region of the same steel. In both cases the twinning plane’is (llE)M.

Martensitic structures in uﬁdeformed steel 1410. The size of the
martensite plates in (a) are much smaller compared to that for &%

eusformed steel 1410 in Fig. 14(a), in which the mid-rib twinned

~ structure actually continues for about four times the length
_shown here. Notice also the dislocation substructure of untwinned

- martensite in (b). -
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(é).__MértenSite of various plate sizes in 8% ausformed steel
'1&10, the_platés are of varying sizes, though nearly regular .
ih shape;' |
(5) . Twinned martensites énd retained auétenite'in samé steela
..rﬁhe twins lie alongvthe (iel)M plane in a m@tfix'of (1151
.orientation and are agaiﬁ discontinuous along the slip pléne
(I10). Notice the smaller martensite plates (some of them

only in weak contrdst) at the left of the photographs.

(a) Cementite precipitation in 8% ausformed steel 1410 induced

by tempering in the microscope. The cementite gives streaks
in the diffraction pattern (b), which lie normal to their

. habit plane.

Precipitation in martensite of 30% ausformed steel 1L02. The

' precipitates are not visible in bright field, but are clearly

10,

20.

1.

‘ showing a very high density of dislocation.

seen in the dark field micrograph (b). The precipitates are
from 50 - 1504 in size, and about 150 - 2504 apart.

Retained austenite (y) and martensite (M) in 30% ausformed steel

1ko2 showing precipitation and heavy dislocation density in both.

" Notice the nonuniform shape of martensite plates in dark field

micrograph in (b).
Retained austenite and martensite in 30% ausfqrmed steel 1541
Martensite in 30% ausformed steel 1402, (a) some plates (e.g. M),

show no'dislocaticns in one orientation, but tilting, as in (b)

reveals the dislocation substructure.
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22.

23, .

2b.

25.

26.

27.

28.

29.

(a) Martensite after slight tempering in steel 1410 30% ausformed

-56-

(a) Diffréction pattern from a martensitic-austenitic area in

Fig. 23. | | B - . .
(v) ~The énalysis of Fig. 22(&5. . : : -
30%,ausf§rmed'steel ihoa, the ;ircied area in (a), shows where '
the diffractioﬁ pattern in Fig. 22 was teken. (b), (c) and (a)

are the dark field micrographs taken at spots A,~C and B,

. respectively. Martensite plate M, changes contrast in (b) and M,

in (c¢), while M, and (v) are seen to change contrast in (a).

(é). Martensite and retained austenite in 30% ausformed steel 1541.
(p) - The.aiffraction pattern from the area ciiéled in (é).

Twinning in martensite of a 30% ausformed steel 1398. The -
diffraction pattern in (b) is in [ii3] ofientation'and the twins -

lie:on a (121) plane, normal to the foil surface.
. . ¢

Twinning in retained austenite of 30% ausformed transformed steel

1398. The twins are seen clearly in dark field micrographj(b),

taken of the 111 twin spot A. The diffraction pattern is between

'[ooi] and [015]‘orienta£ions. Notice the streak near the 200 spot

as observed in austenite (e.g. Figs. 5 to 7).‘

Transformation twinning in martensites of 30% ausformed steélé (a)

1410 and (b) 1541. The twinning planeiin both structures of (llZ)M._
at 500°C. ‘

(b) In anothef area of the same foii, tﬁe precipiﬁates at some .

places (e.g. A) have grown. ' - . -

30% ausformed and transformed steel 1410, after more tempering in




.. The orientation of the micrograph in (b) in between [001] end

30.
31;

132.
33.
3k,
35.
36.
37..
.“‘38.
30

ko,

43.

Ls.

46,
4.

L8,

~ orientation is [211]@ and [00l] Fe_C.

Standard'33l projection for cubic crystalé;

oy,

~5T-

the microscope.' The precipitates have growvn considerably on

- preferential planes, (b) the continuation of the area in the left

of micrograph in (a) area A being the same in both micrographs.
[115] and the precipitates lie on traces on (1I2) .and (121) planes.
Cementite precipitation by slight tempering in the microscope in
steel 1410, ausformed 30% at 100°C.
Diffraction pattern from the circled area in Fig. 30. The

- 3 .
Standard 001 projection for cubic crystals.
Standard Oll projection for cubic crystals. ’

Standard 11l projection for cubic crystals.

. Standard 012 projection for cubic crystals.

Standard 112 projection for cubic crystals.

Standard 122.projection-for cubic crystals.

‘Standard 013 projeétién for. cubic cryétals.
‘Standardvll3 projection for cubic crystals.,
- Standard 023 projection_forvcubicfcryétgls.
u. A
b2,

Standérd'l23 projection for cubic”crystals,. 

Standard 223 projection fbr.cubic crystals.

Standard‘332 projéétion fpfhéubic crystals.7:
Standard 01h'projé¢tion fo£_cubié'gfystals. R
Standard llhvpfojéctidh for cubiézcryétals.' o ‘ ‘, .
Standard OlSIpréjectionvfqr.cﬁbicicfystals,

Standard 115 projection for cuble crystals.
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Stereogram showing the analysis of difffaction pattern in Fig. 26.
terebgraphié analysis of diffraction pattern in Fig. 13, showing

the trace of twin plane and the tface of the planeé along which

twins are discontinuous.

.Dark field micrograph of (ilO)T spot in Fig. 13(d) verifying the

analysis described in text and Fig. 50.

(a) Dark field micrograph at spot A.

(v) Selected area diffraction pattern for twinned area in

Fig. 16(b).
115 stéreogram illustrating the analysis of diffraction pattern in
Fig. 52(5). The +twin plene and the trace of the plane of discon-
tinuity of twins is also.shown.

Stereographic analysis of the diffraction pattern in Fig. 11(d).

R |
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