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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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STRUCTURE AND PROPERTIES OF DYNAMICALLY STRAIN AGED STEELS
Elliot W. Page
Inorganic Materials Research Division, Lawrence Radiation Laboratory,

- Department of Mineral Technology, College of Engineering,
University of California, Berkeley, California

'

ABSTRACT

The effect of dynamic stréin aging (deformation during aging)jupén
thevmechanical properties and microstructure of Fe-3.5bCr-0.2%C and
Fe-3 .5Mo-0.2%C alloys has been investigated‘ Dynamic sfrainvaging re-
sulted in a general increase:in stréngth of 10-20% in bﬁth alloys with

little or no loss in ductility. The mechanical properties were corre-

lated with the observed microstructure using electron microscope techniques.

The prihciplé strengthening mechanism in bbth_alloys was found to be due -
to the increase in dislocation density. Additional strengthening in the
Fe-Mo~-C alloy was attributed to the deforﬁation enhanced formation of

molybdenum carbide,
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steel, but appreciable ductility is lost.®

I. INTRODUCTION

Efforts to impfove both the Strength and ductility of'steel have
traditionally:centeréd'on modifications in composition or variations in
the heat treatment. Hoquef, an inverse relationship between strength

and ductility 1s usually observed, with an increase in strength accom- -

panied by a decrease in ductility and visa versa. .Increasing the carbon

éontent has been shown to have & dramatic effect on the strength of

i

The addition of alloying elements which form precipitates can in-
v . . i v _
crease strength by retarding dislocation motion, but the lack of disloca-

tioh>mobilityrdecreases the-duétility. 'Increases in ductility can be

obtained by tempefiﬁg as;quenéped materials‘but strength is lost.

Thermomechanical processeé; where plastié deformation is intfoduced':'
into the heat-treatment cycle, have been developed which increase the
sirehgth'ﬁﬁiie obtaiﬁing.various degrees of ductility. .Stati¢,strain
agiﬁg'(sﬁraining at room temperature before tempering) has.resulted ih.
increaéed'étrength,'but at the:expense of 5 decrease in_ductility.2~h
HoWever, the process of ausforming which consists of plasticallybdéform_
ing metastable austenité@vpribr fo*transformétion to-martenéite; ig capable
of producing‘incrééses.in strength up to 5@% With,no significént-loss in
ductilityo5’6 |

In ausforming, fhe stfengthening is consideredvby‘Thomas et a1.6 to
result from aniincrease'in thé diSiocafion denéity and the pinniﬁg of

: | ‘ S

these dislocations by the subséquenf:formation of.alloy carbides. The
:arbides act notbonly as aﬁbarfiér to dislocatioﬁ motiOn_but_also sey&ef‘:

as sources for the generation of new,dislocations, thus effectively

i "
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increasing the.dislocation density.

In the past few years fhe thermomechanical process of dynamic strain-
aging has beén studied 1In this laboratory. It is a process where mechan-
ical deformationvis apblied at elevated temperatures, with aging taking
- place simultaneqizsly° When aéplied to ausformed and quenched and tempered
féteéls;?dynamic'straiﬁ;agingvinCreased the strength an additional 10 to

o0% without appreciable loss in ductility.7"9

7,10 reveals that al-

ReCent work‘on dynamically:strain aged steels
though thevStréngth isvincreased the toughness is maintained.

Alﬁhbﬁgh substantial'wbrk has been done on the mechanical properties
of dynamicali& stfain aged ailoys; attempts to examine the microstructure
and establish-thevoperétive stréngthening mechanisms_havé been incon-

7,8

clusive. '’ Zacka&ref'aIQY‘suggests that the carbides in dynamic strain-
aging act.both-as dislocation.barfiers aﬁdras sourcesvfor dislocation
mulﬁipliéatioﬁ, Siﬁiiar to the role of the carbides in the ausforming
pfdcesé._

| Busch8 étudied the microstructures_éf dyﬁamically straiﬁ aged steels
by optical electron microscopy; He observed a strain—induced dispersion
of.carbides.at thé temperature'bf maximum strengtheniﬁg,_but Wa.s unaﬁle
to idéntify-the precipitate. Bﬁsch conéluded that the_probable streﬂgth—
~ ening mechanism of dynamic stiain'aging in theicarbonless alloys studied
invélves the strain enhénced‘diffusion of substitutioﬁal solute atbms to
dislocétions, which in turn,‘leadé to a decrease in dislocafion mobility.

Investigations of the response of mild steels (.05% C) to dynamic

strain-égingll showed that‘precipit&tes nucleated on dislocations, and

acted as sources for the multiplication of dislocations. A similar
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mechanisn was attfibuted’to‘the strerigthening which occurs in static

strain—aging.l’u’lg 3

Leélieland Keh™ suggest that the sfrengthening
in staticlstréin-aging ig due to an increase in dislocation density,
with precipitétion.not essential for the stfengtgening. They‘do not
preclude, however, the possibility 6f‘precipitation processes contri- .
P l ‘ 1 :
buting to the strength. : , |
Transmission electron microscopy‘was utilized in the presentrstudy

to examinévin detail the structure of two dynamically strain-aged

"martensitic alloys and to determine éome of the structural factors

“involved in the strengthening mechanism. Because of the complex struc-

1,9

turés obtained in previous work, the a;loys used in this investigation
were of high purity'and Simple composition. This enables.the role of

the alloying elemeﬁts in’dynamig strain-agihg'to'be investigated separ-
ately in Fifcumstances where the inﬁerpretatioh of strﬁctural chaﬁges

is more réadily achieved. Iron-carbon alloys with sfoichiometric pf64;
portions of molybdenum and carbon and chromium and.carbon'Were used.

The alloying glemenﬁs, molybdenum and chrbmium, were used gince they

form alloy cafbides at elevated temperatures. The .carbon content was

fixed at 0.2%C in order to,obtain the_best combination of strength and

ductlllty.7’l Pure iron-carbon steels were to be used as a standard,.

but due to the low hardenability of the steels of this compdsition,

mixed microstructures were, obtained upon quenching and the steels were

T-1

therefore discardedn As in previous studies, © all dynamically

strain-aged samples were deformed 4 to 6%,
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'II. EXPERIMENTAL PROCEDURE
A. Preparation
The materials used in this'stﬁdy were vacuum-induction-melted from
| high purity iron, chromium and molybdenum and gast:into 20.lb ingots.
 The chemiCallcqmposifibns are given in Table I. The as-cast ingots were
ﬁgmogegized for 100 hrs at é temperature of 1100°C in a pure helium at-
mésphére in order to minimize carburization. Opticél microséopy revealed
thgt this treatment was effecﬁivel, | |
~ The ingots were forged and.then cut into sectionsv6" by 3" by 1/8".
These sectiOﬁs were austenitized at a temperature of 1200°C for 30 minutes
inva pure helium.atmospherg, quénched in wafer, and_stored at liquid

nitrogen temperatures.

'vB.' Thermomechanical Treatment

-ihe-tﬁefﬁoﬁechahiéalftréatmentS are listed in Table IIL. To reachv
the'requifed préceééing témpefétﬁres as guickly as possible,vhigh tem-
pératuréisiliéon‘oil and molten iead'bathSIWefe used. The-oii bath.was

~ used for saméles processed up to 375°C,Vand in molten lead fof those
,proceSSed.at‘500°C. ‘The rolls_of‘thé rolliné mill were heated to a
v'temﬁeraturé-of approximétely éOO°C beforé'procéssing to mihimize the heat
loss.dgring folling. Upon reaéhing procéssing temberature, the samples
were either »l) tempered for 30 minut es ahd then water-quenched, 2)
:;defofmed'approximateiy.5%; then tempéred:for 56 ﬁiéutes at processing
temperature befo?e water qﬁenching; or 5) temperéd 30 minutes before
roiling approximafely b at thé procéssing température and then water

quenched.

N
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A schemat%c repréSentation.of the thermomechanical treatments are

shown in Fig. 1.

" C. Mechanical Tests

Tensile specimens 6" by T7/8" by 1/8" with a 2-inch gauge length
were machined from each sample. All mechanical testing was done on an

Instron machine utilizing a cross-head speed of 0.1 cm/min,

D. Microscopy
Thin foils for electron mircroscopic observation were prepared from
‘the undeformed grip section of the tensile specimens. Mechanical grind-
ing was used to reduce the grip sections to 0.030 inéhes. Chemical
polishing in HEO2 lO% HF further reduced thém to about 0.005 inches. The

15

samples were‘electropolished using a modified window technique.” in an:

electrolyte of.chromic-acetic acids (165 ml acetic acia, 60 gmé Cr03 
15 ml HQO):operated at 12"volté and a temperature Qf 5°C. During the
chemical thinnihg process a ﬁew technique was developed which consists
of preferéntially thinning the center area of the sample, On'subséquent
electropolishing.small holes‘appear first neéf the center of the sample.‘
Foils Wefe cut from the thinned areas around.these holes, placed .in a»v
double—filt holder, and examinedbih a'Siemeﬁé Elmiskqp I eiectrbn micro-
- scope 'op:e.rated-,at' 100 KV. The usual bright field and gun-tilt dark’ |
fieid techniques of electrqn microséopy weré employed.

- Extraction replicas fpr microscopié examination were prépared by
vacuum evaéorating a thin'layervof carbon on an electro—polished and

electrolytically etched surface. The replicas were extracted at a

'potential_of 6 volts in an electrolyte of lO% perchloric acid in acétic
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acid. A thin layer of gold was vacuum evaporated on portions of the.

‘replica for standardizing the diffraction measurements.

-E. Microprobe -
rExtracﬁidn‘réplicas_for analysis in an MAC model 400 éleétron micro-
probg analyzer were prépared by, .l) méchaﬁically polishing on a special.
u diamond polishing wheei, 2) etching for 5 sec in a 2% nital solution,
-3) vacuum“évaporating a thin layer of carbon onbthe etched surface, and
4) extracting in a 1% bromine—mefhandl solution at a temperature of -20°C.

{

bt }

"
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. IIT. * RESULTS

" A. Mechanical Properties

The_tensile'properties of the processed steels are‘tabulated in

‘Tables IV and V. -True stress—true straln curves of the Fe~Cr-C steel

are plotted in Figs. 2a, b, ¢ for process1ng temperatures of 25°C (room

' temperature),v250°c and 375 C, respectivelye. The upper curves in Flgs.

Qa,b,c‘ihdicate the flow stress-beforevnecking’of the dynamicaliy straim
aged sample, while the louer curve indicates the flow stress of the
uudeformed tempered martensite.’ A éeneral‘increase in flow stress of
10 to 20% iS-obserVeddupon dynamic'strain agings.

Tbe effect of:dyuamic straih aging upon-tbe teusile properties is
shown in Figs.vf, h vand‘5. HA biot of ;2% offget yield strength as a.

function of proces31ng temperature is shown in Fig. 5. The dashed

curves in both Flgs. 5a and 3b indicate the yield strength of the un-

deformed marten31te at varlous temperlng temperatures, while the solid
curves show the Yield strength‘after dynamic strain aging at various :
temperatures. A gemeral increase in yield.strength of about 15% was
obtained as the result of dynamie strain aging the Fe-Cr;C sambles‘
(Fig.‘5a>. At temperatures above 375 C the alloy beglns to soften and
the effectlveness of dynamlc straln aglng decreases.

A general increase of about 20% was obtalned upon dynamlc straln

aglng the Fe-Mo-C. alloy in the lower temperature range (Fig. 3b). Upon

~dynanic straln,aglng at.375 C the Fe-Mo-C allocy showed a secondary .

hardening peak with a'maximum.iﬁcrease in yield strength of 46%. At
higher temperatures the alloy becomes overaged resulting in a decreasing

effectiveness of dynamic strain aging. .



The‘uitimate tensile streﬁgth of the dynamically strain aged steels
is similar to those of the yiel& strength. This is undoubtedly due to
the limitéd amount of work hardening in the dynamically strain aged
,sampies,‘as shown in Fig. 4. The dashed curves in both Figs. b4a and 4b
indicate the tensile strengfh of the undeforﬁed martensite at various
 témpering tempéfatures, while the solid curves show the tensile strength
after_dynamic strain aging at various temperatufes. The increase in
tensile'sffength as a result of dynamic strain aging is only about 5—10%
for the. Fe-Cr-C alloy (Flg. ha), but this 1ncrease is maintained up to
‘ Iabout Loo°c. |

Thé Fe-Mb;C allo& shows an increase in tensile strength of 8-10%.
at thevIOWér'prOCéséiﬁg téﬁpératures, but at 375°C, as a result of
seédndary hafdening, the tensile strength increaées L, upon dynamic
strain aging." Above 375 C the gffective strengthenlng due to dvnamlc
straln aglng decreasesu

‘The amount of prestraln (nomlnally 5%) varied slightly throughout.
the experiment._ However, as can:be seen from Tables IV and V and Flgs..
VBfand L, the fluctuation in the amount of prestrain had no noticeable
effect on_the resultingvstrength, withvthe possible exception of sample
SC, whiph wag inadvertently deférmed abbut 7%."Chunglo found a linear
relatiﬁnship bétWeen the amount_of preétrdining and the effecfivé strength-.
-ening for small améunts ofvstfain; but‘Wilson‘énd Ruséeli}é ‘in agreement
.with the preéent resulﬁs, fOund that thevchange in yieid strength is very

small in the range of 2-T% prior deformation.



A comparisoh;of the magnitude of the strength of the Fe-Cr-C and
Fe-Mo-C alloys in Figs; 3 and hv shows that chromium is a more effective
strengthener than molybdenum in both the dynamically strain aged and

17

vquenched'andbtgmpered sampies.‘ Bain~' found that for an alloying content
of more thah 3% chromyum‘iS'fhé moré effeétive strengthener as shown iniA
Fig. 6. | - | | |

 The effec£ of dynamic strain aging on the ductility of the Fe-Cr-C:
and Fe-Mo-C alloys as‘a function of processing temperature 1s shown in
Fige 5a The ductility Waé determinedvfrom measurements of the elonga-
ition of.a 2" gage section'during‘tensile testing. The solid curves in
béth Figs° 5a:and 5b show the'elongatioﬁ upon dynamic strain aging whilg
the dashed curves show the eiongation in the undeformed témpered samples. -

In genéral, dynamic étrain aging caused a slight decreasge in the'
ductility of the Fe;Cr-C'sampies as.shown in Figs 5a. At lower tempera-
tures there wés a decrease of apout 2% iﬁ.the elongatibn, Wﬁile above
575°C the deérease in élongatidn'was ébout l%. There is no abparenf
loss in ductility a£‘2509C, bﬁt fhis my be dﬁe-to experiméntal scatter,
In the Fe-Mo~C sampie (5b) there was a décréase'in'elongation of‘aboﬁt
2-U% at proCessing températures below 250°C., HOWefer, at the procéssing
»temperatUre of 575°C; where-the maximum strength wés obtained,”there was
no aﬁpreciable loss in ducfility ﬁpon dynamiévstrain aging. Féf proéeséing
temperaturgs above 575°C there was also no éigﬁificant decrease-in
ductility,. | | | _

A comparisoh of Figs. 3 and L with‘Figé.‘5g and 5b.reveals that
' nét only do the_d&hamidally stréin agéd Fe~Cr;C.steels have gréater»
strength than the Fe-Mo-C stéels, they also héve greater residual

ductility.
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B. Microprobe

. The.results obtained from microprobe analysis of extractiqn replicas
aré-summérizedvin Table VI. Standards of puré Fe, Cr and Mo were used to
measure the sensitivity of the radiation to the pure samples. Eackground
couﬁts of Fe, Cr; and Mo were measuréd on pure C and Cu standards,lsincé
the replicas.weré made with carbon and placed on Cu grids. Since the
precipifatgs are very small relative to the diameter of the beam, the
amount;of the alloying élemenﬁs in the precipitate is averaged over the
beam.area.' A polished-sample of "each steel was used to giveAan indica-
tion of the base level expected. As can be seen froﬁ the dafa in Table VI
two samples had counts'abofe the base level. The extraction replica of
sample ilC*,'which nad about 3,500 counts Cr and 5,100 counts Fe, shows
"vsﬁme definite evidence of the presence of Crvin the precipifate exfragted1
- from this high temperatﬁré sample. The ektraétion replica of saﬁple 11B
" also had counts above‘the hése laével, with about 600 counts Mo and_E;lOO..

countsfFe. This indicates‘£he preéence of molybdenum in the precipitate

extracted from the sample processed at 500°C.

Ce Electron Microscopy

1. TFe-Cr-C Steel. '

Thé éffeétvof-dynamicvstrain.aging.upon the microstructure.of thé
FénCr—C alloy is reveéled in Figs. T through 25+ The martensitic'struc;
ture of the aévquenchéd material (sample 1¢) isIShcwn'in Figs Te
Widmanstatten-type pfecipitates‘are shown in Figs. fa,b. From the
diffraction pattefn of Fig. Tc the foil is determined to be oriented

with the (111) type-direction parallel to the axis of the electron beam, -
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(e.g., in a (lll) type orientation). The long dimension of the precipi-
tates are seen to lie along the three (211) type directions. A trace

analysis indicates'that the precipitates lie in the {110} nabit plane

along (111) type dlrectlons, The image of the aperture shown at "A" in

Flg. 7e indicates the diffraction spots which contribute to the dark fleld

image of the as quenched structure in Fig. Tb. The prec1pitates in only

- two of the three (éll> type directions shown in Fig. Ta reverse contrast

in Fig. Tb. Streaking of the precipitate spots at "B" in Fig. 7c in a
direction normal to the [121] direction indicates that the precipitates

are. lath-like in shape with the thin direction of the laths in the

'direction of streaking. The possible exiétence of twins is observed at

"oM in Figs Tae.

When the as-quenched structure is dynamlcally straln aged at room
temperature (sample 20, same ag statlc strain aging) the structure appears
as shown in Fig. 8. Theflarge block—like areas at "A" in Fig, 8a are
oriented alehg'the [Oil] direction and reverse contrast in the'darkvfield
image-in Fige éb,'as do the pfecipitetes‘ ‘These block~like areas will
be discussed lete:. ‘The ameunt of'deformation (3.5%) was insufficient
to change the basic structufe of the mertensite:needles,‘bﬁt ﬁhe‘preé
cipitates Within the'needles appear to be elightly"bent and misorien;ed.
The pre01p1tates in Flg. 8a lie along the [llo] direction when the foil
is in a [lll] orientation.. This is inconsistent with the {110} habit
plane previously obtained‘: This anomaly Will be‘discussed later.

Due to the amount of auto-tempering, little carbon ie avallable for

Fa

formation or growth of precipitates, Tempering at 125°C (sample LC)

reveals no observable change in the size or number of precipitates.
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Dynamic strain aging at 125°C (sample 3C) results in considerable
distortion Qf the shape of the precipitates as shown in Fig. 9. The
effeét of inadvertently inéreasing the amount of deformation fo % iﬁ—
Stead of 5% is shown by an increase in the distortion of the piecipitates
(cémpared with Fig. 8); Alﬁhough greatly distorted, the precipitates are
Still discernable in a Widmanstatten pattern with the long axis of the‘
pfécipitéte in a [333] direction when viewed in a [113] orientaﬁion‘(Fig;
9). The precipitates are seen to reverse contrast in the dark field image
in‘Fig. 9b. The observation of dislocétion tangles afound the_precipitates
‘.,in'Fig, Oa, SUggests that the teﬁpéring témperaﬁure of 125°C is sfill
sufficiently low to inhibit the motion of dislocatidns and prevent the:
feliéviﬁg of sfress concéntrations around. the precipitates.

.Upbn femﬁering at 575°C (sample 10C) the precipitates begin fo grow,
With a slight increase in both length and‘width, shown at "A"'in.Fig. 10.
Figure 1l'is‘éniehlargement of Fig. 10b with mpn marking the same area in
bofh'figureSQ vThe precipitates in Fig. 10 can be seen to lie along two

[llO]'fjpe directions with the foil viewed iﬁ a [100] orientation.

| Dynamic strain aging at 375°C'fesu1ts in the structure sh&wn in
Figs.:l2,v13? lh;'andrl5. In Fig. 12 (sample 80)'£hé precipitates are
Jin a Widmanstaften pattern with the axis of the precipitates along the
(112) type difectiéns in-a [11I] orientation.. FiQUres i2a and 12b are
ﬁhe éame identical ‘ares, differingbonly slightly in orientation. Figure
13 is an enlargement of Fig. 12a. The letter "A" marks areas which
coincide in Figs. 12, 12b, and 13. A fine dispersion of precipitates
which nucleate on dislocations is observed at "B" in Fig. 15. Figure

lu'(sample 9¢) is in a [111] orientation with the precipitates along
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the tﬁree (211) diééctions as shown in'Fig. 1hic. Figﬁre 14b is an en-
'largement of Fig: 14a. with "A" markihg corresponding areas. Some pre-
.cipitates, marked at ﬁBﬁ invFig. 14b, are bent and distortéd in shape.
New small rou?d precipitatés are observed near ﬁc"‘in Fig, 1lbb. Figure
l5bi$ anothergexaﬁple:bf thé structure of sample 9C. It is also in a
[111] orientatién witﬁ.thé précipit%tqs in a Widmanstatten pattern along.
the {211) type directions. The‘precipitates‘reverse contrast in thé‘
dark field image shown at "A" in Fig. 15b.

Tempering at 500°C (sample 13C) results in the partiai spheroidiza-
tion éf the precipitates which lie along the [233] direction in é [311]
orientation as shown in Fig, 16, Also present is a more randemly oriented .
precipitate. Evidence of the recévery of diélocatibnsvand relieving of
grain boundary stresses can be cbserved at ﬁA“ in Fig.‘l6.

Deforming, then tempéring, at 500°C (sample llC)‘resulté in a
noticeable decreéﬂe.in tﬁe brecipitation»densify dué to thé spheroidiza-
tioh and dissélutionvof the precipitaﬁe ag shown in Figs 17. The pre—
cipitatéé are still visiblé in g'Widmanstatten pattern with the long
axis of the precibitate along.the’thrée.<21l) type direétions:when viewed
in a [111] érienﬁatipn. Also visible in Fig.‘l7 are vefyvsmal1,vféndomlyv
“orienfed précipitates.seen mbfélcleafly in'the dark field image of Fig..

' 1Tb, to the right of "A". F‘ig'uré‘ 18 (also sample 11C) shows the initial
stages of recrysfallizétioﬁ‘étlﬁA", pfééibitétion on dislocations at "B"
and dissolutﬂon.oflﬁhe precipitate at "C",

Tempering at 600°C'(sample lBC*) resuitsjin a- considerable amount

of fecryStallizaﬁioﬁ,vand répid spheroidization'éf thevprecipiﬁates as

shown in Fig. 19. Due to this spheroidization no definite orientation
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of the preéipifates is discernable, Also pregent in Fig., 19 is a very
fine dispersion of precipitate spots shown near "A"™ in Fig. 19b. An
_extraction replica of sémple 13C* shown in Fig. 20 reveals the spher-
oidized structure, The stfeaking of precipitate spots in Fig. 20b

indicates the thin direction of the precipitates.

Tempering sample 11C at 600°C (ngple 11C¥*) reveals extensive re- 
cOvery~éﬁd'reéfystallization with polygonization-visible at "A" in Fig;
21. Small precipitate dots are obsérved near "B" in Fig. Eia with the
precipitate contrast reversed in the dark field image of Fig. 2lb. The
aperture &t "C" in Fig. 2lc marks the}precipitate spot responsible fof
the dark_field‘image,_ The foil is in a [111] orientation with fhe [211]
dire;tion indicatedvin Fig. 2lc. | . |

Another example of the reccvefed strﬁctufé of sample'llc*fis shown -
in Fig. 22:(bright.field image) and Fig, 23 (dark field image). In
Figs. 20 and-EB,,”Af shows dislocationé lining up during recoVery..

Fine precipitates can be seen to the ieft of "B", and extensive poly-
. gonization éxists at "C".

2, Fe-Mo~C &hteels

" The effect of dynamic strain aging upon the micrpstructure_pf.the
Fe-Mo-C alloy is revealed in Figs. 2h-32, The as Quenched.stfucture
of sample 1B appears quite similar to the structure of samﬁleth. The
A precipitates are obsefved in Fig. 24 to lie along the three (211) type
direction when viéwed»in a (111) orilentation. Evidence of tﬁinning can

be seen at "A" in Fig, 24,
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Dynamie st;ain aging thé as qu?nqheﬁ material (sample 2B) caused a
slight distortion of the preéipitates‘(not shown).

Tempering-af 125°C (sample 4B) and 250°C‘(sample 7B) cauéed little
change iﬁ the size of the pfecipitateQ and only a slight increase in the
number of precipitates. Dynamic strain aging at 125°C (sample 3B) aﬂd
250°C (samples 5B to 6B) caused a distortion of the precipitates. |

vTempering at5575°C (sample_lOB)vresulted in.a slight broadening and
possible initial dissolution of the preéipitates, bﬁf little .or no in-
crease in.length wés observed as shown in Fig. 25, When viewed‘in a
[311] orientatioﬁ, the preéifitates lie aiphg the [233] direction and two
(10,1,3) type directions gé sho&n in Figs 25. The contrast is reversed
in the dark field imagekof Fig. 25b. Disloéatiéns are visible to the
left of "A" in Fig. 25a with a'notiéeable ldck of precibitation on the
dislocations. |

Defofming before tempering at 375?C (sample SB) résulfs in the initial
stages of dissolution of the precipitate as shown in Fig. 26a. The ére—
cipitates have grown slightly in both_length andeidth in comparison with
sample 1B, Fig.:Eh, but aré still in a Widmanstatten pattern along the
<Qll>type diréctioﬁs in a'[lll] ofienfation. Streéking of ﬁhe.precipitate>
spots at B. ir.l{vFig. 26c perpendicular to the (211) dvirec_t'ions indicates
that the precipitatéslare latﬁhshaped and lie alongvfhé (211) directions.
Figure 26b_is[an eﬁlargementbof Fig. 26a.‘ Small new precipitates are
visible near &Aﬁ in Fig. 26b. B |

Another %xampie of these %mall new precipitates are seen in Fig, 27a.
"~ Usging the matrix and precipitafe spot marked in-Figf 27c these new pre-

cipitates and the dislocation are seen to reverse contrast at "A" in
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Fig. é?b. .The foil is in a (160) orientétion'with the large precipitates
along (110) dirécﬁions. |

Tempering at 500°C (sample 13B) results in the rapid growth of the
pfecipitateso' Some of the precipitates become quite large as seen in
Fig. 28. Thétprecipitates are gseen to lie along the [1I1] direction when
viewed in a [110] orientation. Analysis of the diffraction pattern will
be diSqusséd later. Tempering, theh deforming at 500°C (sample lEB)vresults
in the structure sﬁown in Fig. 30. Both large and sﬁall precipitates are
seen'fq lie &long the (211) type directions when reviewed in é [111]
érientation. ‘The precipitatés reverse contrast in the défk field image
of Fig; 30b. - An>extraction.replica of sample 12B reveals l@rge pre- |
cipitates which appear to be growing along martengitic grain boundaries.
| Teﬁperingfat 600°C (sample 13B™) fesults’in the almogt complete dis-
solution'ofvfhe precipitates (shown at "B" in Figse 31la,b), Thé area of
the difffaétion'paﬁtern contributing to the dark field iﬁagé is shown af |
"A" in Fig, 3lca Streaking of the.mdtrix spot perpendiculaf fo the (100)
type airectién in Fig. 31c indicatés‘the poésible'ihitial formation of
a new precipitate-along the <lOO) direction, The.precipitate like lines
4i§.Fig. 3lb,areﬂseenrto'reverée'contraét in @he dark field image of
Fig. 3la. » »

;Additional‘temperingvof sémple 12B at 6OC°C (sahple 128%) reveals
fhe.spheroidiziné and dissolving of the'precipitate, Sthn at "A" in
.Fig; 52. Also présenf_in Fig. 32 1s precipitation along the projection
of the (100) direction in the (113) orientation. Botﬁ new and dissolving -

precipitates are seen to reverse contrast in the dark field image formed
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-

by. the pre01p1tate spots shown at B in, Flg. 320‘4 Streaklng of the pre-

~c1p1tate apots 1nd1cates the thln dlrectlon of the prec1p1tate. One -of

“the streaked spots lies perpendlcular to the (lOO) directlon. 'v,:
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Iv. DISCUSSION

The results obtained in both the Fg—Cr-C.and Fe—Mo-c stéels are
similar in many respects; The formation and structure of the martensite,
whiéh.is_equally applicable to both steels, wiil be included in the dis~-
cussion of the Fe-Cr;C steel, Comparisonsrbetwéen the structure and
propertieslpf the two éteéls will be included in the discussion of the

FerMo—C'steel._v

A, Fe-Cr-C Steel

Due to the low c;rbon content énd low alloy contenthof the steels

, used in this investigation, the marteﬁsitic transformation temperature

~ is rather high‘(MS = hh53fo£-Fe-Cr-c alloy);3§ This high M temperature
enables the martensité formed upon transformation to temper during the
rem@ihder of the quéhch, fbrming auté—tempered precipitates in a o
Widmanstatten patterh. 'This.type of structure is commonly.obsefved.19,25
Baker ét él.lg_observed,aﬁto-tempered'plates or lathes 100 2 by 1500 &
vidng in:ﬁ Widmaﬁstétﬁén pattern. Kurdjumovgo found that.in carboﬁ_steels
‘cohtaining:léss than 0.6% carbon, partial auto-tempering of martensite
occurs even with the‘most drastic quenching. This auto-tempered structure
' vas obsérvéd-in ali samples_éf ﬁoth élloys (Figs.»7-52). :Anaiysis of the
diffraction patterns identified the precipitate to be dementife in all
samples~(Fe5C). .The étructufe of theucementite Wés obtained.from the.
largé=single cementite grain shown .in Fié°’28a. The diffraction.spots of
the cementite laftiée were cOnsistently'indexed in Fig. 28b. It was
determined that the éementite’p?écipitatesvon the (110)  plane of the

matrix'aléng the (lll)d.type‘directions. _This agrees with previous
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19’El’eu-g'?"and is consistent with the trace analysis of
: : 1 B _ .
all figures (Figs. 7-32) in this investigation, except Fig. 8.

investigators,

" In the as-quenched structure the martensite can appear in the form

21,22

of plates as well as neédles or laths. Xelly and Nutting found that

in 0.2% Cbsﬁeelé, slightly moré than 2% of the martensite forms as twin
plates. Although a small pércentagevof mirtensite fgrmed as twins in
this in&éstigaﬁioﬁ examples‘of fhese twins are shown at "C" in Fig. 7 and
at "A" in Fig. 24, The large block like areas in Fig. 8 also appear to
be twins. These areas are concluded notvto be precipitates because of
their size, orienfation, and lack of precipitate spots in the diffraction
pattein (not shown). They are considered not to be martensite ﬁeedles
viewedvénd‘onvbecause they appear Qithin other martensitic needles.
Such a configuration would bevincdnsistent with their formation by a shear
transformation,gl ’_

Altﬂqugh no twin spots'appeared_in thg diffraction pattern of Fig. 8,
these areas could still be twins since in a [111] orientafion, twinning
on a [511] tw;n plahevresults in twin spots which all coincide with the
ﬁatrix spotsaul making the twin sbots unQbservable. Shimizﬁ,29 in
electron micrqscopy studies of FefNi martensite, observed band-like
étructufesiéiﬁilér to those in Fig. 8 which he identified as twin ribbons

in the (111) direction on {211} twin planes. When viewed in a (111)

.orientation these twins would project as a band along the_(llO) diréction.

This is what is observed in Fig. 8 and it is concluded that these block~

like areas are large twin plates. The observation of the precipitates

along the {110) type directions in a (111) orientation in Fig. 8 instead
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of the expeéted (211) type direction can be explained by the extensive
twinning observed in the éaﬁple in Fig. 8.

The ihcrease in flow Stress in Fig. 2 can either be thevresult of_an ih—
.crease ih dislocation density or the formation of clusters orvprecipitates
which’act as barriers to disldcation.motion.‘However, careful obseryétion of
Figs;-Y and‘8 énd.Figé. 10 and 12 reveals the same'pfegipitate density at
25°C as at‘3756C. If clusters or small precipitatés were forming at 25°C,
thésé.precipifétes wbﬁld become evidént'upoh tempering. Also, the incréase
in f10w'stresé'in‘Fig.'2 due to dynamié strain aging‘is iﬁdependent ofvfhe
processiﬁg.téﬁpefafﬁre. Frqm fheSe observations it is concluded that the
formafionvof clusters or precipitates is not the éaUSe of‘the increése in
flowfsfress.__Buﬁ_Since the.shea? £yp¢ mechanism in.the martensitic trang-
forﬁation21 céuses a vefy high_diélbcation density in the undeforﬁed as-
”quenched'conditién,:the inérease‘in dislocation density résulting ffqm a .
’5% déforﬁétioh Wouldibe ﬁndeteétable. Als§, Qbservation of dislbcatiéns
in é'foil.degendé greatly ohvthérééntrdst conditidn.?l- As can belseen_in
Fig.llQ, a éiighﬁichénge in the orientation conéidérabl&-changes the éon-
trast effects making estimates of the dislocation density difficult.

Kelly a'nd‘Nutting22 estimate the dislocation densityvin untempered
'martensife toﬂbe‘aﬁgﬁt lxlolg/émz. After a b deformation.the dislocation
density can be_calculéted from flow stress relationéhipsBo to be ébout
2XlOl2/cm2. Thistincreasevin dislocation density is unresolvable in the
‘eiectron micfoscope. However, distortioﬁ §f<the precipitates in Figs. 9
andilh ﬁpon dynamic Strgin aging indicates the'motion and this the sub-
Sequeﬁt multipliéation’éf dis1ocations. From'these obéervations, it 1is
coﬁqluded:th;f the increase_in flow stress.due'to dynamic strain aging
(Fig.72) is prébablyvdue'to an inéréase in dislocatibn density.
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Two types of dynamic etra;n aging processes were studied at 375°C.

One processiconsisted of deforming and subsequent 1y tempering the sample

‘at 375°C (sample 80), while in the other process the sample was tempered

‘before deforming at 375°C (sample 9C)a A comparison of samples 8C and 9C

with the sample that Was'only tempered at 375°C (sample 10C) reveals a
noticeable'difference in precipitate structure‘,,Besideé tne cementite
precipitates in Fig. 11, sample 10C, a.fine structure can be seen‘to the
left of "A" in Fig. ll Whlch reveals dislocations in a dotted contrast, 51
but very little pre01p1tatlon on the dislocations is evident. In contrast,

the samples dynamlcally strain aged at_375 C show not only the.Widmanstatten

cementite precipitates; but also a new finely dispersed phase on -disloca-

tions (Figs. 12, 13, 1k, 15). Careful observation of the dislocations in

Figs. 13 and 14 shows thatrtne dislocations are not bowed around the new
precipitates. This indicates that precipivtationv occurred on the disloca-
tions eftef deformation. Examination cf the diffractionrpattern shown in
Fig. lhc reveais only cementite to be‘present. This suggests-thet the‘new .
precipitates are also Cementite.: It seems likely that the dislocatione
introduced into the sample.upon deformation became favorable sites for
addltlonal prec1p1tatlon of cementlte from carbon contalned in the matrlx.,_
Another pos31ble source of carbon could be the partlal dissolutlon and
reprecipitation of existing cementite laths. -Kurdjumov2 found that the
presence of alloying elements such as Cr and‘Mo, ieads to an increase in-
the stability.of‘e supersaturated solid soiutinn of low,carbcn content.

25

But Foplano ~ indicated that a‘dissolutionvand reprecipitaticn of

cementite can occur on aging after deformation.
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Deforming; then‘tempering at 125°C results in the distortion of the
precipitatesibﬁt the temperature eppears to be insufficient to allow re-
laxation of the dislocations and reshaping.of the precipitates upon tem~
pering as shown in Fig. 9. Comparison of Fig. 12 (sample 8C) with Fig.
14 (eaﬁple 9C¢). shows that tempering after deforming at_375°C (Fig. 12)
ellowsbthe'dislocations around the'euto~tempered precipitates to relax.
The tempering elso allows the precipitates to reshape'into sharp but -
broadened needles.' fhe diffusion. of carbon in the matrix at 375°C is’

32

“almost 1nstantaneous, _ permitting the rapid redistribdtion of carbon.
dowever, temperlng before deforming (Flg. 14) results in the growth, then
dist'ortion of the cementite precipitates shown at "B" in Figs. 1l4b and 15.
Dynamlc straln aging at 500°C (sample 11C) reveals a structure in
whrch the auto-tempered cementlte is beglnnlng to dlssolve and spheroidize
(Flg. 17) Also observed in Fig. l7b are small randomly orlented pre01p1—
tates presumably those pre01p1tates Whlch formed on the dlslocatlon from
the poss1ble dissolution of cementite after deformatlon. ‘From Fig. 18
it appeere that these'newly formed precipitates‘are more stable than the
auto;tempered cementite. Thistmightvbe explained by the high'solubility
33-55 (Kuo

of chromlum in cementlte. found that chromium can replace

as much.as 20% of the iron in cementlte.) Slnce the dlffu31on of chroﬁlum
atoms in deformed marten31te at 500 C is apprec1able, it is expected that
chromium atoms would diffuse into the newly formed prec1p1tates and more
readlly than into the cementite already formed. The chromium in the

Cementite would tend to stabilize the precipitates and inhibit their

- resolution. This stabilization of the cementite would be expected to
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contribute somewhat to the,strehgthening of the alloy. A slight stabili-
zation of the strength leﬁel is observed in Figs. 3a and 4a at 375°C,

..However, the rapid increage in dislocation mobility at 500°C is probahly

'the_controlling“factor-Which results in the alloy softening considerably.35

| -
These new preclpltates might also be the 1n1t1al formatlon of Cr7 3

whose formation has been accelerated by deformatlon enhanced dlffusion.

33-35

But no ev1dence of Cr.C was detected in the anaLysis of the diffraction

75

patterns even at higher temperatures. However the high;solubility of

chromlum in cementlte makes the detection of Cr.C extremely difficult

T3

~gince the d. spa01ng of Cr and Fe C are very close. Microprobe analysis

T3 3

of pre01p1tates extracted from sample llC 1ndicates'the existence of a

cons1derable amount of chromlum in the extracted prec1p1tates, suggestlng

the presence of Cr7C5. However, since Cr 7 3 probably forms in situ‘.
from FeBC 53 BA the small secondary prec1p1tat10n obServed on dlslocatlons
at 575 C is most llkely Fe3C¢

A comparison of Figs. 16,.17, 19, and 21 shows that these new pre-
cipitates are not as evident in sample 13C (Fig. 16, which was tempered
at 500°C) as they are in saméle'ilcf(rig;'lj, which wasrdynamicall&c
strainvaéed at'500°C). .Tempering atd600°Cv(sampie 150*) resuits in the»
growth'of theSe préciﬁitafesc(rig;-el); :From'theSe'observations'it can”
be seen that dynamlc straln aglng enhances the temperlng process,.w1th

the magnltude of enhancement estlmated to be about 100°C.
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B. Fe-Mo-C Steel

The as~queﬁched'structure of the Fe-Mo-C alloy (sample 1B, Fig. ok)
aépears'quite similar to that of the Fe~Cr-C alloy. Due to -the High
mértensitid transformation temperature-(MS = hO5°C)56 aﬁto—tempered
_ ceﬁentife precipitates formed within the martensite needles on the

{110} planes along the (111) directioné as discussed previously. The
extéﬁt_bf the'auto-tempering in.the Fe-Mo~C alloy appears to be less
‘than that in the Fe-Cr-C alioy'(compax}e'Fig's, 7 and 24). This Iis con~
sistent with thé lower Ms témperature of the Fe~Mo-C alloy. As in the
VFe-Cr;C glloy tWinning occurg only in a smail percentage of the marten~
site laths in the Fe-Mo-C alloy as shown at "A" in Fig. 2k,

Dynamic'strain aéing at temperétufeé below 57500 reéults in the‘:
distoftion of fﬁe pfeéipitétes due to the iﬁteraction of the precipitate
with_the diéloéationg introduced upon-deformationvas explaiqed in the‘
previous secﬁibn;' This incfeaSe in dislotatioﬁ density'results‘ih'an

incréa_se- invyi.eld strength of 10-20% in the Fe-Mo-C alloy (Fig. IBb).

Dynamic strain aging at 575°C:results in_the initial stages of
dissolution of @he guto-feﬁpered cementite and the formation of new
:precipitates_on-dislocations (Figs. 26,27).‘ Comparison of Figs., 26
'aﬁd 27 with Fig; 25 feveais that there are noticeably fewer of these
new precipitates in the undéformedvsample (Fig. 25). This demonétrates
the effect éf dynaﬁic*strain aging in accélefatiﬁg the forﬁatidn of

- precipitates. The observation that the dislocations are not bowed

[ 4]



‘around the precinitatesAindicates thatiprecipitation occurred on the
dislocations afterldeformations Analysis of the diffraction patterns

in Figs.“26c and 27c reveals only cementite to be present. This suggests
that the new precipltates are also cementite. However;'the'formation of
molybdenum rich clusters or Mo C prec1p1tates, which are-too small to be
v151ble in Figs. 26 and 27 and in the diffraction patterns of Figs. 260
and 27c might be respons1ble for the secondary hardening peak observed

in Figs. 3b and hb. Homeycombe et al 37,38

in work on the secondary
hardening in Fe-@% Mo—O.E% €-steels, observed streaking of matrix spots
in the (lOO) type directions (the expected direction for Mo C).at peak

' hardness and very small prec1p1tates of Mo C Just after peak hardness,
The elongation of the diffraction spot in the (lOO) trace direction,
'and the reversal of contrast for both the precipltates and the dis—,
location 1n.F1g. 27b indicates that both a matrix spot and a precipltate
spot contributed to the dark fleld image. This suggests the poss1ble
existence of Mo C upon dynamic strain aglng at 375 C, Tempering at |
oOOeC also_shows thenstreaking of the diffraction spots perpendicular
to the (100) trace .di_rection_ (Fig. 31c)a 'fhé. hright i‘ield_._and aar.k '
field‘imagesvof}Fig,‘Bl'show.a different precipitate_morphology than

in all preViousISamples; InuFig.iBlVfinefprecipitgteelike areas'are |

| seen;to.be along the trace of the‘<100) direction;‘ From the streaking |
of the diffraction snots and from.the reversal‘of contrastvin'Fig. 3la

it appears that these areas are Mo c clusters which have prec1pitated

2

. along dislocatuxm‘which lie Ln a (lOO) type direction. Raynor et al.ho

_'in an extensive_lnvestigation of the_initial stages of MogC formation,

]
:

I B ’ ’ b
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found that the apparént étreaking of the matrix spots, és in Fig. 31lc,
wag actually streaking of Moec precipitate s?oté that clogely coincided
witﬂvthé matrix spots; Dyhamic straih aging at 500°C and additional
_tempering'at 600°C results in a fine precipitéte stfucture'along the
(100Y trace diréction (Fig; 32). Analjsis‘of.the diffraction pattern
_in Fig. 32¢ and comparigson of the diffraction patterns with a-schemaﬁié'
péttérp presented by Raynor,ho_identifies fhe précipitates in‘samﬁle'

12B* to be MogCo
A_comparisoﬁ of Fig; 31 and Fig..32 reveals that dynamic strain

vagiﬁg agcéleratés the formation of Mo Cs In Fig. 31 the precipitates .

2
_ aré‘ciﬁsteréd' élong thé dislocation causing_étreakingvof the diffraction
_~spots, Bu£ revééi, no Mo C paﬁtern, while in the dynamically strain aged
Samplé.(Fig. 32)"£he MOEC haé_formed fine needle-like‘precipitates with
' ideﬁtifiébie.preéipitate spots in the diffraétioﬁ‘pattern.f B |
'Bbéca'\.lé;e.vof its aéoxﬁic'size; molybdenu‘m -d.i"ffuses relatively slowly
_iﬁ the métrii‘even at 600°C éven %hough dynamic strain aging enhandes
':fhe diffusion of the molybdemum atoms, The slow diffusion of molybdenum

results in the. slow growth of Mo C'.3lL . This suggests that clusters or

2

.very,fine-Moec preci?itates-can form in.samples dynamicallyvstrain.aged
at 3756C, but they may not be'#isiblé until dynamic strain agihg for
one hour at 600°C, |

VSince MoéC_nucieates separately from cementite inré fine‘dispersion
which causes secondary hardening, it follows that the strengthening ob-
Served invthe Fe-Mo-C alloy which was dynamically strain aged at 375°C

- (Figs. 3b and 4b) results from the initial formation of Mo,C.
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A COrrespOndiﬁg'forméﬁiéh“pf}éliby'cafbides ih‘the Fe~crfc alloy.

.is not observed becausejof the high solubility bfichfomiﬁm_ih éementite,"'
. In contrast molybdehﬁm_is dnl&'slightlyvsoluéble in cementite. vTﬁiév‘

:.ﬁ alldws the”molybdehuﬁ,to precipitate.separateiy{.f,_'
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V. SUMMARY AND CONCLUSIONS

 The effecf of dynamical strain aging upon the mechanical properties
and microstructure of Fef3.5%Cr-O.2%C and‘Fe~5.6%Mo—O.2%C steels has
been invéstigafed. Chromium has been found to be a mbre effective
sfrengthener thanbmolybdénﬁm at these alloy contents, as well as attain~
ing_gréatefxﬁuctiiify. The Fe~Cr-C gteel maintainéd a general increase
iﬁ'stréngthiof 10-15 percent due to dynamic strain aging up to tempera-
tures of about 400°C. The Fe~Mo-C $teel showed a general increase in
strength of’15;20%“dﬁe to dynamic.étrain aging, with an additional.25%
increase in strength at_375°C,.attriButed to the formation of MOEC’ whiéh
iSrobservéa only in tﬁe over-aged samples.v |
Small érecipitates_obéerved near peak strength-in>both stéels in-
dicates that ﬁhéy are ﬁot'élloy carbides, but new cementite ﬁrécipitates
which'have-feprecipitated on dislocation'dufing dynamic strain agihg.
The main resulfs‘may be summarized as follows:

l; The géhéral sfrengthening mechanism in both ateels was attribu%edv'
"to.the increase in dislocatién density upon dynamic strain.agingf

2o Dynamié:Strainvaging results in a genéral increasé'invstréﬁgtﬁ of
}10520_% in bpth:»_s_teels w;vvitbh' little or no loss in ductility.

3. Dynémic’strain aging tendS>to'decrease théuelongation at lower
températures, buf ét higher‘temperatures_maintainé comparable ductility.
b A»maximum increase in strength of U5 was achievéd in the Fe-Mo-C
steel, due to the apparent deformatiqn enhanced formation of MoQC com~

bined with the probable increase in dislocation density.
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e ﬁ%vAllbying-element'-
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Table II; Thermomechanical treatment of Fe-Cr-C steel.

% Deformed

Sample Processing Temp, Treatmént
o ° (Rolling) - '
1c 25 0 0
2c 25 b b3 0
3C 125 6,78 o
e 125 0 0
50 250 5,74 o
6 250 5.7 A
S TC. 250 0 0
8c 375 5400 O
9c 375 5,00 A
100 375 - 0 0
11C 500 3450 0
12¢ 500 5.26 A
130 500 0 o
11¢* 600 3.50 ot
130% 600 0 0¥
0 = tempered 30 min. at temp; _
0 =. deformed then tempered 30 min. at ﬁemp;
A = tempeied BO‘ﬁin.'ét temp. then deformed.
¥ = tempered 30 additional min. at 600°C.
+

Ail”samples were - water quenched immediately after processing.
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Table ITI. Thermomechanical treatment of Fe-Mo-C steel.

Sample ',ProcessingvTemp. % Deformed Treatment

D °c : (Rolling)

1B 25 0 0
2B 25 3,51 0
3B 125 5.9% 0
4B 125 0 0
5B 250 5.78 O
6B 250 6.32 A
B 250 0 0
88 375 5476 a

9B 375 5,17 A

10B 375 0 0
118 500 3,52 o
12B 500 5434 A
13B - 500 0 0.
108" 600 5.3k ¥
138" 600 0 0
= ‘tempered 30 min. at temp. _

= deformed then tempered 30 min. at ﬁemp;

= tempered 30 min, at temp. then deformed.

= . tempered 30 additional min. at 600°C.

+ x D O o

" All samples were water quenched immediately after proceésing, :




‘Table IV. Tensile Properties of Fe-Cr-C steel.

Sample Yield 0.2% Ultimate Elongation Treatment
| - (ksi) (kesi) ® |
i 168 191 6.80 o0
2c 191 i99 5.88 0
T30 200 208 Lok 0 -
he 162 186 7.58 0
50 18k 193 6.75 s
6c 181, 194 - 6,06 . A
(oA 162 185 6.88 0
8 187 19k 5.0l O
oc . 181 189 T L.60 A
10C 159 180 6.85 0
uc b2 152 . 6.95 o
12c. . 1k6 156 5.71 A
13C¢ 1ho 154 8;56 0

o

It

tempéred_EO min, at”temp.

defbrmed then tempered 30 min. at témp.

~ tempered 30 min. at temp. then deformed.-
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- Table V. 'Tensile Properties of Fe-Mo-C steel. - '

Sample © Yield 0.2% Ultimate Elongation Treatment
) ) @ |

1B 137 165 6.08 0
°B 17 179 4,36 N
3B o 170 17k 3.88 0
4B - 1h2 159 6.4 o
5B - 16h 169 * 0
6B 165 171 3.82 A
7B 138 161 - 6.77 0
8B 179 182 4,11 0

" 9B : 183 196 3.96 A
10B | ek 135 k3T 0

1B , 145 | 15% 8.48 0
12B 165 172 5.05 A
3B 125 139 - 8,99 0

0 = tempered 30 min. at temp. A _

0 = deformed then tempered 30 min. at temp. .

A = tempered 30 min. at temp. then deformed.

*

= broke outside gage section,
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. Table VI. Micrqprobe'results.

s Counts/10 sec .
Specimen

Fe Cr _ . Mo

Fe (stand.) o 24,813 -l 8
Cr (stand.) : . 30 , 18,370  I 5
Mo (stand.) | _ 65 ko | 6,910
c (stana;) | o f 10 10 | 5
Cu (stand.) 35 0 | 5
116*(samp1e) . 2keoo 900 4_ g 'f, e
88 (sample) | 2é,6oo' - "7-- N N 190}
10K (replica) 5,50 %0 -
100 L 2,250: o 'ihb N . o
8c | . Cobks0 | 200  | | -
- _ o | 0 -
2B 550 s
11B IR 2,130 - 610
108 S 3,870 - 10 100
V8B‘~.v \ “ o ) -é8o S - L 25

1B }; o ,> | : .hd5 o e 160
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Fig. 1 Schematic‘representatioﬁ of the thermomechanical
: treatments. ' o
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(b) XBB 685-3023

Fige 7 Thin foil micrographs of sample 1C; (111)
a) Bright field image revealing Widmenstatten
precipitate pattern along (211) directions, high dislocation
density, twinning at "C"

b) Dark field image of (a) due to precipitate spots at "A"
in (e)

e¢) Select area diffraction with precipitate spots at "A",
streaking of spots at "B"

. o
orient



(b) XBB 685-3009

Fige 8 Thin foil micrograph of sample 2C; <lll>orient'

a) Bright field image showing precipitates along
(110) directions, high dislocation density, twins at
"A"

b) Dark field image of (a) revealing precipitates, twins
a_t "A"



(b) XBB 685-3011

Fige 9 Thin foil micrographs of sample 3C; <Bll>orient

a) Bright field image showing distorted precipitates
b) Dark field image of (a) showing distorted precipitates



Fige 10 Thin foil mierographs of sample 10C; (100)

a)
b)

w55

(b) XBB 685-3029

orient
Dark field image of (b) showing precipitate along (110)
directionsa

Bright field image revealing precipitates and dislocation
contrast at "A"



B

XBB 685-3014

Fige 11 Thin foil mierograph of sample 10C; (lOO)Orient

Bright field image enlargement of Figs 10b showing
dislocation contrast of "A"
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(b) XBB 685-3012

Fige 12 Thin foil micrographs of sample 8C; <lll>orient

a) Bright field image showing high dislocation density,
Widmanstatten precipitate pattern along (211) directionss

b) Bright field image showing same area as (a) but tilted
slightly. DNote change in dislocation contrast of "A".



Fige. 13

=53~

XBB 685-3017

Thin foil micrograph of sample 8C; <lll>orient

Bright field image enlargement of Fig. 12b
with "A" indicating same area in both figures.
Note small round precipitates at "B"



(v) XBB 685-3026

Figs 14 Thin foil mierographs of sample 9C; <lll>orient

a) Bright field image showing precipitates at "A"

b) Bright field image enlargement of (a) showing
same area as (a) at "A", but precipitates at "B",
small round precipitates at "C"

¢) Selected area diffraction indicating precipitates
lie along (211) directionss
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(v) XBB 685-3008

Fige 15 Thin foil micrographs of sample 9C; <lll>orient

a) Bright field image showing Widmanstatten
precipitate pattern at "A"

b) Dark field image of (a) showing precipitates
at "A™ lie along [211] direction
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(p) XBB 685-3025

Figs 16 Thin foil micrographs of sample 13C; (Bll)orient

a) Bright field image revealing precipitates,
recrystallization at "A"

b) Dark field image of (a) showing precipitates
along [233] direction, grain boundary at "A"



Fige 17 Thin foil micrographs of sample 11C; (111)

a)
b)

~57=

(b) XBB 685-3013

orient
Bright field image showing dissolution of
precipitates at "A"

Dark field image of (a) showing some precipitates
along [211], spherodizing and dissolution of pre-
cipitates at same "A" as in (a) with very small
precipitates to right of "A"



-58-

XBB 685-3010

Thin foil micrograph of sample 11C; (111) .
orient

Bright field image showing recrystallization at
"A", precipitation on dislocations at "B", dis-
solution of precipitates at "C"
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(b) XBB 685-3030

. . 0 0 *
Fige 19 Thin foil micrographs of sample 13C ; <511>orient

a) Bright field image showing spherodized precipi-
tate and reerystallization at "A"

b) Dark field image of (a) showing spherodized
precipitates, an addition very fine precipitates
near "A"
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XBB 685-3027

Fig. 20 Carbon extraction replica of sample 150*
(a) Bright field image showing precipitates
(b) Selected area diffraction showing streaking
of precipitates spots in ring pattern



.

(v) XBB 685-3022

-
Fig. 21 Thin foil micrographs of sample 11C ; <lll>orient

(a) Bright field image showing recrystallization
dislocation at "A", precipitates on dislocations
at "B "

(b) Dark field image of (a) showing precipitates
at B due to precipitate spot at "C" in (e) __
(c) Selected area diffraction indicating [211]
direction, precipitate spot at "C"
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T e R . S

XBB 685-3007

*
Fig. 22 Thin foil micrograph of sample 11C ; <lll>orient

Bright field image showing subgrain formation during re-
crystallization of "A", spherodized precipitates and pre-
cipitation on dislocation near "B", polygonization at

”C "



XBB 685-3028

. . . . *
Fig. 23 Thin foil micrograph of sample 11C ; (lll)orient

Dark field image of Fig. 22 with subgrain formation at "A"
spherodized precipitate and precipitation on dislocations
at "BH



XBB 685-3024

Fige 24 Thin foil micrograph of sample 1B; <lll>orient

Bright field image showing Widmanstatten precipitates
along (211) directions, twins at "A"



XBB 685-3020

(b)

Figse 25 Thin foil micrographs of sample 10B; <5ll>orient

a) Bright field image showing precipitates along [233]
direction, dislocations at "A"
b) Dark field image of (a) with precipitates near "A"



(b)

Fig. 26 Thin foil micrographs of sample 8C; (111)

a)

D)

c)

-66-

XBB 685-3016

orient
Bright field image showing spherodization and disso-
lution of precipitates, small precipitates near "A"
Bright field image enlargement of (a) showing small
precipitates near "A"

Selected area diffraction indicating (211) precipitate
directions, streaking of precipitate spots at "B"



Fig. 27 Thin foil micrographs of sample 80;<18) (100)

a)
b)
c)

=67~

BB -
(c) X 685-3019

(b)

orient
Enlarged bright field image showing small precipitates
on dislocation at "A"

Dark field image of (a) showing precipitates on disloca-
tion at "A"

Selected area diffraction indicating (110) directions

of large precipitates in (a)



Fig. 28 Thin foil micrographs of sample 13B; (110)

a)

b)

-68-

XBB 685-3015

orient

Bright field image showing large precipitates along

[1I1] direction

Selected area diffraction with indexed cementite precipitate
pattern
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XBB 685-3021

Fig. 29 Thin foil micrographs of sample 12B; <lll>orient

a) Bright field showing large precipitates along
(211) directions
b) Dark field image of (a) showing precipitates



(v) XBB 685-3018

Fig. 30 Carbon extraction replica of sample 12B

a) Bright field image showing large grain boundary
precipitates

b) Selected area diffraction of precipitate spots
and gold rings



*
Fig. 31 Thin foil micrographs of sample 13B ; (311)

a)

p)

c)

e

(a)

XBB 685-3108
()

orient
Dark field image of (b) dislocation precipitates,
spherodized precipitates at "B"

Bright field image with dislocation precipitates,
dissolution and spherodization of precipitates at "B"
Select area diffraction indicating (100) trace direction
streaking of spots at "A", cementite spots at "C"



*
Fige 32 Thin foil micrographs of sample 12B ; (311)

a)
p)
c)

-T2~

XBB 685-3107

orient
Bright field image showing precipitate,spherodized
cementite precipitates at "A"

Dark field image of (a) due to spots at "B" in (e)
showing precipitates at "A"

Selected area diffraction indicating (100) precipitate
direction, streaking of precipitate spots at B
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