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ABSTRACT 

Substructures of conventional and ausformed steels based on Fe-25% 

Ni-0.3%C; vrith carbide forming alloying elements (Cr; V and Mo) were 

examined by transmission electron microscopy. in both austenitic and 

martensit~c conditions. Precipitates and a high density of dislocations 

vrere observed in austeni tes and martensi tep of all 30% ausformed .. s.teels ~ 

The higher strength resulting from ausforming is primarily due to 

the increased dislocation density. The precipitates play an important 

role by providing sites for dislocation multiplication and pinning. The 

role of carbon and alloying elements in strengthening. vras mainly through 

provj_ding precipitates. No systematic variation of martensite plate 

size vrith ausforming parameters vras found. 

··The extent of twinning in martensites decreased with increasing 

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

dislocations probably accounts_for the better ductility of ausfo1~ed 

steels. For maximum strength and ductil·i ty the total alloy. content 

should thus be chosen such that the final structure consists of small 

stable precipitates in a matrix containing a very high dislocation 

density(~ lo13/cm2). 

.~. 
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FIGURE CAPTIONS 

Dislocation structures in undeformed and 8% deformed austen­

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

showing that some dislocations remain after austenitizing. 

(C) for steel 1541 and (D) for stee~ 1402, show dislocations 

lying on slip planes after 8% deformation at 500°C. 

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

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 

pattern (c). Notice faint streaks nearthe 200 and 022 

spots in (c). The diffraction pattern is in (Oll] orientation. 

The diffraction pattern from another area of 30% deformed 

steel 1398. Notice the faint rings from carbides and 

increased intensity of these ~ings near matrix spots, e.g. 

near 2oo, 220, etc. The diffraction pattern is in [001] 

orientation. 

A very thin edge of 3o% deformed austenite in steel 1398 

after polygonization in the electron microscope due to slight 

beam heating. Some of the precipitates are seen to reverse 

contrast when the dark field ~icrograph (B) is taken of A . 

. The ring· diffraction p~ttern in (C) proves that austenite 

is polygonized and the carbides are of'random orientations. 

The MoC precipitates here are larger compared to Fig. 2. 

Polygonized area in a very thin foil of 30% deformed austen­

ite in steel 1541. The dark field (G) is .taken from A at 

..... 

'· 

)I 

' 
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Figure 6 

Figure 7 

Figure 8 
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Figure 10 
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the first ring of the diffraction pattern (B), while ~he 

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

Mechanical h1inning in austenite of steel 1398, deformed 30% 

at lOO%C. 

Twinned and untwinned. stTuctures in martensitcs 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 

the martensite plates also. In (C) and (D) twinnedplates 

:witnmidribs·· are shown from these steels. In (D) a dark 

field micrograph shows the discontinuity of the twins along 

·the twinning direction corresponding to the trace of the 

slip plane. The twin density is seen to decrease a'vay ·from 

midrib. 
. 

(A) VC precipitates in ·martensite of 30% ausformed steel 

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

are clearly seen in the dark field micrograph (B). The 

. 0 . 0 . 

precipitates are from 50-150A in size about 150-250A apart. 

Retained aus'teni te (y) and martensite _(M) ·in 30% ausformed · 

steel 1402, both showing precipitation 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·3o%, containi'ng marten~ 

site and retained austenite. (D), (E), and (F) sh6w the 



Figure 11 

Figure 12 

Figure 13 
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I 

dark field micrographs from A, c, and B, respectively. 

(A) and (B) showing presence of some transformation twinning 

in martensite after 30% ausforming in steel 1410 and 1398, 

respectively. · 

(A) Martensite containing fine cementite particles, after 

slight tempering in 30% ausformed st'eel 1410. 

(B) Another area after tempering·for longer time, showing 

tha~ the Fe
3
c precipitates have groW:n into a Widmannstatten 

pattern. 

Diffraction pattern from a tempered area in 30% ausformed 

steel 1410, used to verify the orientation relationships. 

The foil orientation is [2ll]a. which is parallel to [00l]Fe
3
C . 

. ~. 

•, 
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INTRODUCTION 

·There are various thermal mechanical treatments for alloys which 

·are now being developed for obtaining higher strength and tdughness . 

Ausforming is one such tveatment in which metastable austenite is 

deformed without recrystallization before transformation to martensite. 

The deformation is confined to a limited 'bay' ~egion in order to 

prevent decqmposition to non-martensitic products. The ausforming 

process hq.s been the subject of numerous investigations which have 
' .. 

been recently reviewed by Phillips and Duckworth ( 1.), ·.· and Marshall ( 2). 

The main metallurgica.l interest has centered around optimizing the 

process parameters so that.the best combination of strength and ductility 

is obtained. These parameters (viz., temperature of deformation, amount 

of deformation, carbon content, alloy content, tempering ttme.and 

temperature, and austentttzing conditions) are, however, intimately 

related and it is dtfftcult to ma.ke generalizations about the process 

(see e.g. Phillips and Duckworth '(1)). A number of factors are thought 

to be important tn controlling the strength, e.g. precipitation and/or 

solution hardening and work hardening. Opinion is divided regarding 

macroscopic factors such as martensitic.plate size (3,4,5). 

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 

of suggestions regarding precipttation hardening have been recently 

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

until preliminary 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 ductility ( 12). 

With deformation of austenite there is an increase in dislocation 

density. It i·s ·possible that these dislocations are retained during 

the transformation·from austenite to martensite, though some disloca- .v 
tions or twins will be produced during the phase transformation. Dis-

locations introduced into austenite could aid in inducing precipitation 

by increasing, directly or indirectly, the diffusivity of alloying 

elements. It is also known that carbon atoms form atmospheres about 

dislocations (Cottrell atmospheres). Depending on the temperature and 

amount of deformation, the nucleation of c·arbides may be very high, but 

the growth rate would be lim:i.ted. From, thermodynamical considerations, 

alloy carbides rather than cementite are likely to precipitate under 

the usual ausforming conditions. The alloy carbides formed would 

therefore be very small,finely dispersed, and difficult to detect. 

Previous thin foil, and extraction replica work have not been successful 

in determining the existence of such carbides (5,7). Thus, so far, 

there has been no direct evidence for carbide precipitates. 

Twinning has also been regarded as a possible mode of martensitic 

strengthening by Kelly and Nutting (13). In the absence of any detailed 

substructural investigations of. ausformed steels, the exact role of 
.... ~ 

twinning in this case is not known, although other observations indicat~ 

that twinning may not be an important mode of strengthening. For exam-

ple, Speich and Sv;ann (14) have shown in the case of Fe-Ni martensi tes 

that internal twins are not a.n important strengthening mechanism, 

because no sharp increase in strength was found for alloys of increas- r, 

ing nickel content which were int0rnally twinned. Work on explosively 
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def'onned nickel (15) also showed that·twinnin,g did not appreciably 

increase the strength. 

It is appar-ent that most of the work done on ausformed steels has 

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

of some metallographic and extraction replica work, but little attempt 

has been made to study the substructure in detail. The present work is 

an attempt in this direction . 

.. 
EXPERIMENTAL 

_J 

Steels were designed so as to provide a range of temperatures for / 
j 

deformation and to enable examination of' both metastable deformed /" 
./ 

austenite at room· temperature, and martensite obtained by q_uenching // 
/ 

these austeni tes · in liq_uid 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 nicl<::el content were adjusted to provide a 

·favorable M . Based on strength ·considerations (10) three different 
s 

alloying elements, V, Cr and Mo, were used .. Three important parameters 

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

and 30%), temperature of deformation(l00° and 500°C), and composition. 

The steel compositions and their M temperatures are given in Table 1. . s . . 

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

thermal mechanical treatments. The mechanical properties of these 

steels have been reported elsewhere. (10),; and will be referred to 

where necessary. 

For this electron microscopy investigati.on, 10 samples were taken 

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

and one transf·ormed to martensite; four ·from steels deformed at 100°C -
. ' 

,r 
/ 

./ 



Heat No. 

1410 

1398 ~ 

1541 
.. 

1402 

ojoc 

0.3 

0.28 

0.32 

0.29 

/ , 

ojoNi 

27.94 . 

24.92 

16.40 

211-.73 

•. 
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TABLE 1 
.. 

1oAl1oyine; Austeni tj.zing M Element Temperature s i.l 

12'00°C - soc 

4.50 Mo 1200°C Be1ow-7rc 

4.72 Cr 120ooc -16°C 

1.85 v 1290oC - 3°C 

.~. 
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t1vo 8ojo and two 30ojo deformed, one each for each deformation in untrans-

formed condit~onsj and similarly four from steels deformed at 500°C.* 

~'bin foils, were prepared by electropolishing, using the window 

technique, in chr9mic acid-acetic acid solutibn (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 Siemens Elmiskop Ib 

microscope, operated at 100 KV. 

The dark field technique was mostly u~ed to study the precipitates, 

twins, or other fine structures. Dark field work is an absolute necess-

ity in this type of electron microscopic investigation 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 quid:er to obtain dark 

field images by using only the objecti.ve 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 is placed on a detailed metallographic 

an~lysis of the various substructural features in austenite and marten-

site. These include dislocation arrangements, precipitation, and micro·-

twinning, and involved examination of many electron micrographs and 

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

little martensite was detected in the microscope. The M for steel 
s 

1402 was higher, and almost all steels showed the presen'ce of marten~ 

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

prior deformation.of austenite. 

.~. 
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diffraction patterns. On the basis of these investigations some sugges­

tions regardine; strengthening mechanisms and the development of high 

strength alloys, are made. 

RESULTS 

The steels will be referred to by their heat numbers (Table 1). 

When "alloy steels" are referred to, this m~a.ns steels containing car­

bide formingalloying elements in addition to nickel and carbon (e.g; 

·steels 1398, ·· 1402 and 1541). 

A. Structure cf Austenites 

l. 0 and 8% Deformation 

Figure 1 shows four structures of austeni tes in various stee-ls in 

the undeformed and 8% d~formed steels. In many areas of undeformed 

samples very few dislocations are present (Fig. lA), but some areas 

show a relatively high density (Fig. lB). This indicates that the 

austeni tizing treatment does not ,anne.al out all of the dislocations, 

which is not surprising because of the relatively low temperature 

(Table 1). In 8% deformed steels (Figs. lC and D), the dislocations 

lie along the traces of {111} slip plane~. For all steels in these 

conditions (0 and 8% d~formation) no evidence for any precipitation 

-vras observed. The structures are similar to dislocation substructures 
..... 

observed in other plastically deformed metals and indicate that the 

deformation normally takes place by slip and not twinning. The d.ensi ty 

of dislocations observed depends on the orientation of the area being 

examined and its relation to the deformation process, i.e. the amount 

·or local resolved shear strain. 

•. 

• 

.. 

i: .· . 
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2. 30~ Deformation 

In contr~st to the structure of 0 and 8% deformed steels, the 

structures of 30% ausformed steels vere more complex, for example, in 

Fig. 2A (for steel 1398),· dislocation tangles vere observed. It vas 

not possible to resolve any precipitates in bright field images. 

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

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

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

shown in the following, includes a. precipitate reflection as vell as 

the (lll) matrix reflection. Reversal of contrast indicates the 

pres~nce of small precipitates. 

Some of the austenitic steels vere also examined using the XRD-5 

diffractome'ter. The results gave a lattice parameter of about 3.6o.A 

for austenite·, . and shm.'ed no evidence for the presence of carbides. 

The electron diffraction pattern of Fig. ·2C shovs 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 2.10A and l.45A. 

For austeni tes, d 111 = 2. 08A, so that one of the carbide diffrac­

tion. spots (with d l'::l 2.l0A) will e.lmost coincide i¥ith the matrix spot ..... 

. ~hus, precipitates vlill change c'ontrast vhen the dark field micrograph 

is taken from a (lil) spot (e.g. Fig. 2B); as well as at the streal<;s. 
y 

·Normally, however, the streak or ring. is too faint to be seen on the 

microscope screen_(Fig. 3), and the dark fieldmicrographs are taken 

with the objective aperture placed over a 200 matrix spot which a.lso 



-12-

includes the corresponding streak. The presence of precipitates in this • 
steel is thus confirmed. Precipitates are· not producing strain contrast 

because their da.J;'k field images_are all of uniform intensity (Fig. 2 for • 

steel 1398), i.e. not black-white "lobed" strain contrast images expected 

from coherent precipitates such as G.P. zones (17)~ It is concluded, 

therefore, that there i.s no coherency strain field associated with 

these precipitates. 

Similar observations regarding the presence of precipitates were 

made on the other steels. It was ,observed 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 a.nd 220 spots. The observa-

tions of these streaks does not necessarily imply an orientation relation-

ship because the intensity of precipitate reflections may be enhanced 

due to some overlap with matrix reflections (e'..g. in Fig. 3 the inten-

sity of the faint continuous ring is higher near the matrix spot than 

elsewhere). Also, there are insufficient reflections present to 

es.tablish any possible orientation relationships which may exist. 

Sometimes .thin edges of the foil polygonized and in these regions 

the_precipitates.Here observed to be larger than elseHhere. This is 

associated Hi th the ease with which the dislocati,ons anneal from very 

thin edges as a result of electron beam heating of the sample in .... ' 

: .-
the microscope. One such case is shown in Fig. 4 for steel 1398. 

.':I 

' 
The measurements from the ring pattern and the·results there{com are I 

recorded in Table 2. The dark field image (Fig. 4B) from a Point A 

on the first ring (Fig. 4c) shaHs the contrast reversal for precipitates. -. 
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Ring No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12. 
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TABLE 2 

Measurements from Fig. 4, for steel 1398 

Observed 
Diameter of 
Rings in Cm 

4 

4.6 

5.6 

6. 55. 

7.q 

7.65 

8.0 

8.1 

8.6 

9.10 

10.0 

10.3 

Austenitic Rings, 
.Hatios hl\:£ for Matrix 

1 

1.15 

1.63 

1.91 

2.00 

2.28' 

'2.50 

2.58 

111 

200 

220 

311 

222 

400 

331 

420 

Probable Carbide 
1 d 1 va.lues·X· 

2.o8ft. 

1.46A. 

. 1.18P. 

0 

0.99A 

o.94A. 

·X·These values are calculated from the camera constant equation.· 
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The carbide rings also include the same d-spacings as ·Here obtained 

from the spot. patterns (Figs. 2C; 3). Although the 'd' values of 

carbides obtained are not very accurate; it is possible to identify 

the carbides for steel 1398. In the li t~rature (18); tbere a:ce two 

carbides reported for molybdenum; viz~ MoC and Mo2c. · vli thin the 

accuracy of the results in Table 2; both carbides show lines at 'd' 
0 

values of 1. 46A and lower. However Mo
2

C shbws no line with a 'd' value 

0 0 

in the neighborhood of 2.lA. The existence of a 'd' value of~ 2.lA 
·• .. .. 

proves that the precipitates are MoC and not Mo2c. 

Similar observations in the polygonized part of the foil were made 

for steel 1541 (Fig. 5). Calculations of 'd' values from the ring 

pattern and its comparison vli th the 'd' values obtainable from the ASTM 

card file (18) presented. similar difficulties as for steel 1398 where 

the rings for lower 'd' values could not be used to identify the car-

bides definitely due to the limited a.cc\).racy of the calculated results. 

0 

'rhe line in the neighborhood of.2.lA is present in all the three Cr-

rarbides reported (e.g. at 2.051\. for Cr
23

c6; 2.12 and 2.04A for cr
7
c

3 

and 2.12 and 2.10A for cr
3

c2 ). ·In this case; therefore; from these 

observations positive identification of ··carbides cannot be made. These 

results are; however; not in disagreement with extraction replica work 

on aged alloys (10); in which the precipitates were found to be Cr
23

ce,· 

Similar diffraction experiments enabled the precipitates in steel 1402; 

to be identified as VC and in steel 1410 as cementite. These identifica-

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

electron diffraction data of the present work with the .previous published 

x-ray results (18): However; since only a few lines could be ob~erved 

• 

.. 

1'7.: 
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for each carbide the results of identification maynot be conclusive. 

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

,.,hich (D) is t9.l<:en with the a.perture inside the first ring. Most car-

bides have 'd' spacings which are higher than the minimum 'd' spacings 

for the matrix.(2.lA for (111) in the case of fcc austenite and 2.08A 

for. ( 110) in the case of martens i tes), e.g. there a.re six more lines 

0 

with 'd' spacings higher than 2.05A for Cr
23

c6 . If enough carbides are 

present, the$.e will give rise to some faint· spots (which may not be 

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

the first ring may, therefore, under appropriate conditions, show con-

trast 1'eversal for some precipitates. This is seen in Fig. 5D. It is 

obvious, hmvever, that for such effects to show up, many precipitates 

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 

the structuresobserved, it is not possible to meaningfully measure and 

compare the sizes of the precipitates or dislocation densities obtained 

at l00°C and 500°C. From the observations there is very little differ-. 

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

0 

The precipitates are up to 150A in size in the non-polygonized areas. .~. 

3. Twinned A us teni tes 

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

evidence of mechanical tvrinning vias observed, both for 500°C and lOO"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) 

' 
f 

'l 
' ' 
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or (lll) planes) so that the twin spots coincide with some of the matrix 

spots (19). The analysis of this pattern together 1-li th dark field worl\: 

show that the structure is t1vinned. The darl~ field image of spot A 

(Fig. 6c) showed no contrast reversal for twins) but only for some 

precj.pi tates and dislocations. Thus) reflection A is not a t1vin spot. 

At spot BJ contrast reversal for twins takes place (Fig. 6D), as would 

:be 'expected) because this 220 spot remains tbe same after twinning on 

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

Although very few twinned areas were found in Mo steel) no evidence' 

for twinning was found in austenites of the other steels. This is the 

first time that mechanical twinning has been observed in austenitic 

steels that can undergo the martensitic transformation. 

B.· Structures of Martensites 

1. 0 and 8% Ausformed Steels 

During the transformation austenite to martensite, the lattice 

invariant shear occurs by slip ·or twinning. Previous work ha.s shown that 
.. 

twinned substructures are preferred vhen the solute content is high. 

Thus, Kelly and Nutting (13) found· internally twinned martensite plates 

in plain carbon steels) the relative number of which increased with 

carbon content. Swann and Speich (14) found some· tvinning j_n Fe-Ni _ 

alloys above 25% Ni. ~ere is not a sharp transition from dislocations 

to twinning and both are wmally observed. 

' 
The structures of steels ausformed 0 and 8% shm.,red substructures 

similar to those reporte~ from various other martensitic investigations 

(e.g. refs. 13, 14). The structures shpw both .tlvinned and untvinned 

•. 

•' 

. ' 
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martensites (Fig. 7), and careful dark field work showed no evidence for 

precipitation. The twinned structures in these steels contained 

., . mid-ribs (13) which are actually regions of highest twin density 

usually near the center of the plate. The twin density decreases out-

wards to the edges of the plates (Fig. 7 D). The fraction of twinned 

martensite plates was.less iri 8% ausformed steels than in unausformed 

steels. 

2. 30% Ausfprmed Steels 

-'rhe structures observed irl' martensi tes formed after 30% ausforming 

in all the steels containert precipitates. This is not surprising since 

the a.ustenites after 30% deformation also showed precipitates (as 

already mentioned). Figure 8A shovs a bright field image in which it 

is difficult to resolve precipitation. Hovever, once the dark field 

micrograph (:Fig. 8B) is taken, then, as in the case of austenites, 
' 

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

site plates are more clearly resolved; By similar dark field vork, it 

was proved that precipitates 1.,rere also present in the other steels. 

There appears to be no change in the munber or· distribution of carbides 

from the austenitic to the martensitic state. 

Extra rings and streaks were not observed' in diffraction patterns 

from ausformed marten~.i tes, although contrast reversal for precipitates~· 

could be obtained by suitable dark field experiments. The reason for. 

the non-observance of precipitate reflections is simply due to the 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 allowed 

. ' 0 

reflections for martensites d110 "' 2.08A and d
200 

~ 1.47A and th,e 
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observed d-spacj_ngs for carbides (Table 2) are 2.08 and l.L~6A). 

The structures of these steels were, in general, very complex due 

to the effects of "lvorking and precipitation and because retained aus-

teni te \·las alivays present; Figures 9A, B show such complex structures 

fol' steel 1402, from which it is seen that the dislocation density for 

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

a high density of dislocations, which may not be revealed in some areas, 

because of ·the orientation, and the specimen must be properly·tilted 

in order to reveal all of the substructural features. The martensite 

plates, in general, had no ~~iform shape or size as can be seen from 

"the micrographs (Figs. 8, 9). This is because the growth of a marten-

site plate is hindered by the presence of precipitates and/or other 

martensite plates in its path. 

Because of the small size of martensite plates various orienta-

tions of the martensites and precipitates are illuminated. Thus, the 

diffraction patterns of these steels were very complex and shovred very 

many spots. This I·Ta.s, at times, further complicated by diffraction 

from retained austenite. Figures lOA, B show such a diffraction pattern 

and its analysis, with the corresponding image (Fig. lOC) and darl~ field 

micrographs (Figs. lOD, E, F) from three spots. The dark field tcc~nique 

helps in the analysis of such diffraction patterns by enabling the 
,. 

separation of different regions contributing to the pattern. It is 

seen from the diffraction pattern (Figs. lOA, B) that the [llO] axis 

for both M1 and ·1~ martensite plates is parallel to the [lll] axis of 

the austenite. From other patterns this relationship (viz. [lll]y .1 J 

[ 110 L) Has found to be observed ·Hi thin an accuracy of 3 ° .. 
lVl 

.. 
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'• Unlike unausformed and 8% ausformed steels the structure of marten-

sites after 30'% ausforming shovred very little tlvinning. In some cases 

., no evidence for twinning was found) while j_n others) very ~ew areas 

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

1398. In all cases of martensite hrinning the t1vin plane is one of the 

{112} variants. Dislocations and p:::-ecipi tations are ahrays present in 

these martensites. 

3. Beam Heating Experiments 

The effect of slight beam heating during microscopy observation 

of martensites from 30% ausf'ormed steels was also investigated. It was 

found that, in general, be&~ heating produced no visible change in the 

size of the precipitates or of distribution of dislocations in the 

three 30% ausformed alloy steels. However, such was not the case·for 

30% ausformed steel 1410 .. Figure 12A shows an area of martensites in 

steel 1410 -vrith precipitates and dislocations after slight beam heating. 

On heating a little longer, the precipitates grow in size and give rise 

to pre_cipi tation on preferential planes resulting in vlidmanstatten 

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

precipitates lie on {112} planes. Figure 13 shovrs a typical diffraction 

pattern obtained from temper·ed areas similar to Ii'ig .. l2B from steel 1410. 

This pattern clearly verifies that the precipitates are cementite) as '· · 

well as affording the follo-vring orientation relationships for cementite. 

[211] 
a. 1/ [OOl]Fe C 

. 3 

II [100 ]Fe C 
.. 3 

•• [Oil] 
a. 

[ 1ii] I ! 
· a, I I [010].,., c 

. 1:' e3 
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C. Swnmary of Results 

l. Austeni tee 

1.1 The dislocations lie along the traces of slip planes up to at 

least 8% deformation. This would probably continue to be so with fur-

ther deformation unless precipitation takes place. 

1.2 A critical amount of defo1~ation is necessary to nucleate observable 

precipitates. The results suggest that in all the four steels examined 

this critical value lies between 8 and 30% deformation . .. 
1.3 The deformation substructure consists of tangles of dislocations 

with precipitates after 30% deformation. 

1.4 The precipitates are found to be Fe
3
c (for steel 1410), VC (for 

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

of steel 1541 could not be uni~uely identified, but are probably Cr23c6. 

1.5 For alloy steels, it is 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 polygonize. 

1.6 In the case of steel 1398, some mechanical t1vinning in austenite 

is observed after 30% deformation. This effect has not been reported 

previously. 

1. 7 The dark field techni~ue has been shown to be of considerable 

significanc'e in studying important substructures such as precipitates 

and twinning. 

2. Martensites 

2.1 As for the austenites, martensites from 0 and 8% deformed steels 

show no precipitation, while those of 30% deformed steels. s'hoVT precip-

itation. 
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2.2 The amount of transformation twinning decreases as the extent of 

deformation increases, until after 30% ausforming very little twinning 

is observed. 

2.3 Retained austenite from 30% ausformed steels show precipitation 

and a very high density of dislocations. 

2.4 Ausformed steel 1410 is found to be most susceptible to low 

temperature tempering in the microscope lvi tn rapid gro1-rth of Fe
3
c 

precipitates. Ausformed alloy steels resist tempering 1 ·in that the 
' .. 

precipitates do not gro1-1 appreciably and the dislocation densi:ty does 

not drop. 

2.5 No generalizations can be made regarding the influence of 

temperature or change of size of the martensite plates 1 after the 

various ausforming treatments. 

DISCUSSION 

A. Precipitation and Stru.cture of Austenite and Martensite 

The experimental observations have shown that precipitation of 

carbides in austenite. ta1\.es place in ausformed steels after a certain 

deformation. By thermodynamic arguments1. previous worl\.ers ( 5; 10) have 

shown that the diffusivity for the various alloying elements involved 

is favorable for precipitation. In almost all investigations of' pre-

cipi tation on substruct:ures in iron base alloys (revie>ved by Keh et 

al. (20)); a high density of dislocations favors formation of fine 

precipitate?; probably because dislocations provide a high density of 

nucleation sites 1 and/or that diffusion is increased as a result of 

high concentration of vacancies which are generated during plastic 
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less and the comparatively lov1er mechanical properties of such steels 

prove that pr.ecipi tation is favored by large deformations. 'I'he diffi­

culty of precip,itation is thus probably one of nucleation since when 

precipitation takes place on closely spaced nucleation sites, the volwne 

of material in the ma.trix from which precipitating constituents can 

diffuse to a site is limited. Thus, nuclei, in order to grmv, will 

have to redissolve and diffuse to other sites. This process is likely 

to occur only on tempering at high temperatures. In the absence of any 

tempering effect, the higher the amount of deformation, the greater are 

the nwnber of nucleation sites possible, and this means that precipitates 

are finer and more ·closely spaced. Both of these. favor high mechanical 

strength by providing sites for dislocation multiplication and pimi.ing. 

It is lil<;:ely that some tempering tal..:es place in the microscope 

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

specimens in the electron microscopes are examined under identical 

conditions and, therefore, if ~recipitation occurred by beam heating 

alone, specimens deformed 0 and 8% w9uld have also shovm evidence for 

precipitation. Since this is not found, it is concluded that the 

·precipitation observed is deformation dependent. The size and separa-

tion of precipitates is therefore dependent owthe temperature a.nd degree 

of deformation and subseq_uent tempering. After precipitates have reached 

their maximum size,·no further·change can take place, unless the steel 

is subjected to a temperature h:i.gh enough to redissolve some of the 

precipitates so that others can grmv. 

The observati.ons also shmv that precipitates are retained by 

martensite during the phase transformation.· The effect of tempering 
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on growing precipitates should be more rapid in the case of martensite 

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

martensite is .lo}ver. In steel 1410 cementite precipitates are observed 

after ausforming, ivhich easily grow into a Widmanstatten pattern when 

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

this easy growth accounts for the comparatively poor properties of steel 

14io (10). Similar experiments in the microscope on the other steels 

sl.owed_no evidence for grovrth of precipitates. This result is attributed 

to the fact that the temperature was not high enough to favor growth. 

Indeed, this is confirmed by the observed tempering behavior of ausformed 

steels -vrhere the mechanical properties are maj_ntained to a temperature as 

high as 500°C (12). 

Besides precipitates the structures observed-in ausformed marten-

sites include a high density of dislocations which can be inherited from 

the deformed austenite and/ or can ar}.se from deformation during the 

austenite to martensite phase transformation. It is estimated that the 

dislocation density in the martensites is about lo12jcrri2 or higher. 

Twinning in body· centered structures is known to be an. important 

cause of fracture (21). From its almost complete absence in ausformed 

steels examined in this investigation, it. would seem that the decre·ased 

amount of twinning is of considerable importance for enhanced ductility .~ · 
•. 

of ausformed steels. The high density of dislocations may prevent 

the nucleation of cracks or allows incipient cracks· to close ·(22). 



B. THinning 

The expc:d.mcntal obsr~rvo.t:i.ons clearly ZhOiv that the extent· of 

transformation. tvinn1.ng in me.rtensites decreases \·lith increasing amount 

of deformation of the mete.stable austenite prior to transformation. It 

is very lil<:ely that twins may be entirely absent for g::.-eater deformatio~s. 

TlvO factors, viz. low M temperatures and higher stacl<::ing fault energy, 
s 

have been shown to favor the occurrence of transformation twinni-ng (14,23). 

As discussed .. elsevlhere (21J.) the important factoi· .in determining twinning 

is :tvl temperature and not stacking fault energy. This agrees with the 
s 

present v.rork, because deformation of austenite as 'dell as depletion of 

solutes from austenite by precipitation are knmm to raise the ,M tempera­
s 

ture. 

The observations of mechanical twinning j_n deformed- retained aus-

tenites from steel 1398 (Fig. 6) can be explained on the basis of 

stacking fault ener~J alone. ~mile there are no accurate measurements 

of the stacking fault energies of the alloys examined here) Mo is knov.rn 

to strongly lower the stacking fault energy of .austenite (25), and. in 

FCC metals the lm1er the stad:ing fault energy the greater is the 

tendency for deformation to occur by t1-linning (26)27). In the areas 

showing twinning the stacking fault energy may be low because of local 

solute segregation. 

In steel 1398 since the removal of Mo from solid solution by 

precipitation during deformation of metastable austenite would raise 

the stacking fault energy and hence oppose mechanical twinning, it 

·would indirectly seem (from the observation of precipitates 1-1i thin 

the tv1ins in austenites, e.g. Fig. 6), that precipitation does not take 

.... 

;,, 
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place concurrently 1.;ri th deformation of austenite, at least in the early 

stages. This ·is supported by the observations of serrated yielding of 

austenite during.tensile tests (10). Furthermore, no large precipitates 

were o'oserved, even in ste.els deformed at 500°C. If the precipitation 

had taken place side by side or preceding the deformation, there would 

be at least some particles which would have been of comparatively large , . 

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

observed. The observations (Figs. 2, 8) seem to suggest that this is .. 
not so. It is concluded that the nucleation starts during the later 

stages ·or 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 section substructure ·vrill be related to strength. 

Neglecting the inherent lattice friction stress T , and solid solution . 0 

strengthen-ing due to substantial alloying elements, as they are compar-: 

a.tively small, there are fivemain factors which are important in 

strengthening. Substructural observations of th<=i present work suggest 

the following about each of these five factors: 

l. Martensi tic Grain Size 
.~. 

Although optical metallographic examination of ausformed steels 

indicates.a decrease in martel}sitic grain size with ausforming, when 

individual martensite plates are examined in the electron microscope, 

no such trend is apparent. In fact, martensite. grain sizes (i.e. 

Hidth of plates) were observed from as small as 300A (some of.the 

martensites in Fig. l2A) to a few microns and g:t"eateJ.• (e.g. as in Fig. 11, 
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which sho'llrs single plates). 'l'his work 1vould therefore indicate that 

there is no systematic variation of r;~artensi te plate size with ausform­

ing, so that it is difficult to correlate grain size l·rith strene;thening. 

In viel·l of other overriding parameters to be discussed in the following, 

it is concluded that this contribution is small., 

2. T\·linning 

As already discussed: the al.l'J1ost complete absence of tlvinning in 

30% ausformed .. steels 1vould eliminate twinning as a factor in strength­

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

be favorable to enhanced ductility. 

3. Carbon Content 

Carbon is the·rnost important factor in strengthening of conven­

tional rnartensites, the strength levels achieved vary from 80,000 psi 

for oc}i;c to 280,000 psi for 0.8"/oc (11). The alloys used here had a 

carbon content of only 0.3oja. Also, since ausforming results in pre­

cipitation of allciy carbides, carbon is depletedfrom 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 fu~Olli~t of 

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

precipitates, a simple calculation shows that the ratio of atomic 

percentages of carbon to molybdenu.~ j_s 1: 2; and thus, the probability 

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

steels e.re subsequently tempered, so that almost all of the carbon 

1wuld be removed frbm solid solution. Hence, the s·olution strengthening 
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effect of carbon is probably negl:i.gi ble. 

!.~ • Pre c i pi. tati on 

Dislocations and precipitates are the dominant features of the 

structures and thus presu;1mbly control the strength. Their contri bu-

tion) however) is related :ln 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 <::J:nd 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 sho-vm 

that the critical size) r ) of a particle which would resist shearing 
c 

2G b
2 

is given by r = where G is the shear modulus of the matrix b c . rry 

the Burger's vector) andy which is the interfacial energy between 

particle and matrix: is dependent on the values of the shear moduli) G' 

and Burger's vector b' for the particle. They derive a value of r c 

2b for G' = lOG and b' = b and r = 20b for G' c G and b' = b. As the 

particle size in the present case i? higher than these values (though' 

no data for G' of carbides are available) they are in the range of 

G - 5G) e.g.) from Fig. 8 the carbide particle diameters are in the 

0 

range 50 -. 150A it is unlil<:ely that carbides will be sheared by disloca-

tions. Since the values of G' and b' for carbides are not available) 

Thomas et al. (10) proposed that y may be related to ·the bond energies 

of the carbides J and shO\ved that even for the wea};:est carbide (NoC.) the 

particle size -vrould have to be less than about 70A in order for them to 

be. cut by dislo<;!ations. 

.~. 
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Dispersion strengthening is usually considered in terms of the 

yield strength. For unsheared particles the strengthening will be 

essentially of an Orowan type. However, in the case of ausformed 

steels, since the carbides precipitate out in an already work-hardened 

matrix, it is meaningless to consider dispersion strengthening alone 

as ·contr·olling the yield stress. The contribution to strength of the 

particles must therefore be a.ccounted.for, not on the basis of'Orowan 

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

as discussed below. 

5. Dislocation Density 

The substructural observations of ausformed steels on both austen-

ites and martensite clearly indicate an increase in dislocation density 

with prior deformation of austenite. The total dislocation density is 

the sum of contributions from the effects of deformation~ dislocation 

multiplication at the precipitates, and dislocations generated during 

the phase transformation, The structure is in a. Hqrk hardened.state 

and using the usual relationship for flow stress -r (neglecting the 

friction stress), -r =.f3 G b .fN, ·,.,here j3 is a. constant~ ·0.4 for iron (29L· 

G is the shear modulus, b ~Burger's vector of the dislocation a.nd N the 

dislocation density (see e.g. Friedel (30)). Ingeneral, for plastic-

10 12 ally deformed metals, N has . been , observed to range from 10 to 10 ·• · 

lines/ cm
2
.. In dispersion strengthened materials, provided the second 

phase is not cut by dislocations, the dislocation ·multiplication rate 

is greater than in the absence of dispersoids because of dislocation-
. ' 

particle interactions. Previous work has. estimated that the rate is 

increased by about a factor of five (31-33). Allowing for this multipli-
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cation factor it is e~pected that the d.islocati.on content of ausformed 

10
13 1· 1 2 1 · h · , t · · " h t · t martensite is about lnes em , ';;nc lS consls en-c Vl c es lma ·es 

from the micrographs. 
. 1 ..., 

For N = lO~J, T is of the order of G/50. 

·r 

/" 

For steels G = 12 x 10° 

psi so that the strength is calculated to be about 24o, 000 psi. 'l'he 

maximum strength for the alloy steels is 210,000'psi (10). The agree-

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

site is primarily due to the total dislocation density.· 

D. Parameters of Ausforming 

From the present results and in agreement with previous work (7) 

there does not appear to be any influence of temperature of ausforming 

on the strength. The substructural differences between as q_uenched 

ausformed steels containing carbide forming alloying elements and 

steel 1410 were not fOQDd to be large. Precipitation of Fe
3
c in aus­

formed 1410 increases the strength slightly over conventionally treated 

1410 ( 10). Hmrever, the tendency for rapid growth of Fe
3
c at lm.,r temp­

eratures of tempering (i.e. averaging) causes a deterioration in strength. 

The differences betHeen the various carbide;forming alloying elements on 

the dislocation density and size and distribution of precipitates could not 

be established by substructural investig&tion a·lone. Thomas et al. (10), 

using thermodynamical considerations have shown that.of the elements Mo, 

Cr, V, and J:IJo, Mo is the most beneficj_al and Cr least, which is in agree-

ment with the mechanical property measurements. From the slight temper-

ing work done.in the microscope, it seems that the alloy steels are 

little affected, though systematic tempering experiments may be necessary 

to ·arrive at the ;f<Jll j_mportance of this parameter. 
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The carbon content is of considerable practical importance. He 

have already established that deformation causes prebpitation :i.n aus-

formed steels. Theoretically) therefore) for a given size a.'1d distribu-

tion of precipitation desired) one can calculate the amount of carbon 

required) e.g. for MoC precipitation of average particle size of 50A 

diameter, uniformly distributed at lOOA separation, the theoretical alloy 

content 1.;ould be 1.~(5% No and 0.227~C. It \WUld thus seem that in an alloy 

of say. 3% Mo) a carbon content of 0.3% would be enough for complete J.l1oC .. 
precipitation. lfuatever excess carbon is present in solid solution 

will be an added benefit in solid solution strengthening. However, a 

higher percentage of carbon gives rise to twinning, poorer ductility 

and more retained austenite. 

The observations suggest that in order to obtain good ductility 

twinned martensite should be avoided.· The occurrence of transformation 

hrinning depends on the M temperature vThich) . in turn, depends on the . s 

amount of solute in solid solution. Most alloying elements "i·lhich. are 

beneficial in ausforming are also those which lovrer M and conseq_uently ' 
s 

favor t-\vinning. 'l1hus, alloys and composition must be chosen such that 

the amount of t;..rinning is minimized. In addition, as observed in the 

present case for st.eel 1398, a ·large addition of a particular alloyints 

element may lovrer the stacldng fault energy of austenite and favor mech-~ · 

ani cal tvrinning during deformation. A high proportion of alloy;i..n£5 

elements may also lover the Ivlf tem}")erature suc·h that large amounts of 

retained austeni t·e may be obtained. 

The solid solution strengthening from solute elements is probably 

small, unless the stackints fault energy is changed appreciably (lL~). .. 
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One function of solutes is to cause a favorable M and a bay region 
s 

in the 'l'TT dj.agram for the process to be· carried out at appropriate 

temperatures and'for sufficient times without transformation. Secondly, 

enough of the most beneficial carbide formers should.be-present in 

order to provide a high density of small, stabl~ precipitates. Some 

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

other specific properties of steels, e.g. weldability, corrosion 

resistance, etc.: but these are not considered here . 
• 

E. Control of Propertj.es 

In this section: in the light of previous a.nd present observations: 

possible ways of achieving the highest possible engineering strength 

(i.e., high u·.T.S. and desirable ductility) will be discussed~ Obtain-

ing higher strene;ths -vmuld req_uire that as many barriers to dislocation 

motion be provided as possible: without introducing other substructures 

such as t-vrinning which might impair the ductility. As shovrn in the 

present 1-10rk, two effective barriers to dislocation motion are the 

high density of dislocations and precipitates. 

As .discussed in section C.4, the strengthening due to the dislo­

cations is given by -r = p G b fN. The maximum theoretical value for N 

is '::;' 10
16

, in vlhich case strengths of the order of G ~-Till be obtained. 

Since the theoretical strength limit is G/15: the maximum possible 

lL' 
dislocation density 1-Till be :: 10 r However, in these cases ·little 

or no plastic flm.,r 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. It is believed that explosive 

deformation as· a means for substantially increasing dislocation densities 

needs to be explored more, especially in the case of ausformed steels. .· 
It is kn01m that the· dislocatj.on density can be considerably 

increased with explosive defonnat,ion, e.g. by explosively deforming 

nickel, c~ll sizes of half those obtained by static deformation are 

obtained (15). This 1tlOuld roughly double the· dislocation density. As 

multiplication at precipitates increases the, dislocation density by 

about a factor of 5, disiocation densities as hj.gh as those allovred for 

the theoretical strength may be attained. However, explosive deforma..,. 

tion can induce t-vrinning 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 on the stacl<::ing fau.l t 

energy of the Cu-A~ FCC alloys (26). In iron (34) explosive deformation 

has been shoim tc induce allotropic transformations at high pressures 

(170 l~:bar and higher). Thus, if the composition and pressure can be 

properly controlled so that the occurrence.of tvinning and other phase 

changes are avoided, shod: loading may provide a means for further 

increasing the dis loca tj.on density and strength. 

Precipi.tates also provide a mechanism for increasing the disloca-

tion density, provided they remain unsheared during deformation. As 

shown by Kelly and Nicholson (28), whether a precipitate is deformable 

or not depends on y, the surface energy of the precipitate. It can. be 

sho-vm that y is directly dependent on the· bond e~ergy of the. preci pita..: 
·<c 

ting phase, and thus the higher the bond energy, the stronger the particle 

in resisting shearing (10). For higher strengths then, stronger particles 
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of small sizes Hould be more beneficial (where the size and distr).bution 

is controlled ·through COlnl?Osition a.nd degree of deformation) 1 tha.n par­

ticles 1-1hich would deform easily. Hm·1ever 1 deformable particles may give 

greater ductility. Va.rj.ous alloying condj. tions should be investigated in 

order to obtain dispersoids.such that the final product has.desirable 

ductility at the highest.strength levels. It may also be possible to 

introduce some such deformable particles beforehand and then introduce 

dislocations through explosive deformation .. A combination of' these 

various parameters should enable stronger and tougher materials to be 

made. 

CONCLUSIONS 

1. Precipitation is observed in all of ~he 30% ausformed steels in 

both austenitic and martensitic conditions. Precipitation is not 

observed in undeformed or 8% a us formed steels. . It is shmm that a 

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

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

is high enough to redissolve the precj.pitates. The groii'th rate of. Fe
3
c 

is large) hence carbide formers are beneficial in stabilizing precipitates. 

2. The benefit of precipitates to properties is by providing sites for 

dislocation multiplication and by pinningthe dislocations. 

3. Carbon in steels is necessary if ausforming is to improve proper­

ties. The beneficial effect of carbon is indirect in that it provides 

precipitates which) .in tuxn, increase the dislocation density during 

ausforming. Solid. solution str~ngthening due to carbon is small, 

provided it is mostly used up by precipitation of ca.rbides. A high 



-34-

amount of retained austenite. 

4. The hj_gh s",_;rength of ausformed steels is primarily due to the very 

high dislocation ,density 'I'he total dislocation density 

iDcludes contributions from deformc:.tion of austenite, multiplication 

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

phase transformation .. 

5. Precipitates are also observed ir. ausformed Fe-28% Ni-0.3%C steel; 

but its strength is inferior as compared to other steels) due to the 

ease with 1·7hich cementite can grow·. 

6. In conventional steels: transfcrme.tion tviinning during the marten-

si tic reactions is favored primarily ·by the effect of solutes on the 

1'1 temperature of the steel. 'rhe rise of :tvi ) due to ueforrrati on and 
s s ' . 

depletion of solutes by precipits.tj_on) considerably decreases the· 

extent of twinning in ausformed steels. 

7. The absence of twinning and presence of a very high density of 

dislocations are favorable to ductility of ausformed steels. 

8. lftechanical tv:iDniDc; vJi-_,,i:; observed in austeni tes of some steels and 

is thought to be due to the· effect of solutes on the stad:ing fault 

energy of austenite. 

9. The selection of sui table ca.rbide forming alloying elements and 

their amounts should depend on their diffusivity) their effects on 

stacking fault energy and Hsand Mf temperatures; be~ides considera-

tions specific for a ps.rticular application. 

10. To achieve still higher strengths: e~plosive deformation of ausformed 

steels as a means of increasing. dtslocati on c:lensi ty inay be used. For 

better ductili tyJ at high strengths J explos:i.vely deformed dispersion 



- . 

-35-

hardened materials conts.ining deformable dispersoids or ausformed steels 

of' !_)roper composition so as to result in deformable precipitates may be 

beneficial. 
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