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STRUCTURE AND PROPERTIES OF Fe-Mo-C STEELS .
Robert Allan Clark
Inorganic Materials Research Division, Lawrence Berkeley Laboratory and
Department of Materials Science and Engineering, College of Engineering;
o  University of California, Berkeley, California
ABSTRACT -
The microstructures bf a' series of vacuum melted Fe-Mo—C éﬁd

Fe-Mo-Co-C steels were investigated usingvfransmission electron microscopy.

The correlating méchaniCalfpropertiés of these steels were examined

by fracfure toughness (KIc)iEests;:Chafpy-V—ndtch impactﬂfests?vtensile

_tests and hardness measﬁreﬁeﬁfSiV”Examinatiéns of each alloy were

conducted in the as-guenched fully'maftensitic condition as well as -

martensites quenched and tempered for one hour-atl4OQ°C and 600°C.

Ms’température measurements conducted on each alloy:showed that,.at

constant carbonfcontent, inéreasing Mo - content decreased the MS

temperature; however, addition of Co to a given Fe-Mo—C steel had no

noticeable effect on the Ms temperature. The two 0.4% carbon steels

having a high MS temperaturé had approximgtely.ohe-half'thé amount of
transformationvtwinning associated with the two 0.4% cérbon steels
having highef Mo contgnfs ahdnlbwer Mé temperatures.' The fragture
toughness of the steels\with less twinniﬁg wés4markedly superior to

the toughness of those steels with more heévily twinned microstructures.

The toughness of Fe-Mo~C steels was superior to that of similar steels-

céﬁtaining'a cobalt addition.' 

_Stéels with higher Ms”teﬁﬁératures exhibitéavmore auto—tempered
3Cvthan sﬁeels withuloﬁer MS temperatures; aé expected; Tempering
at 400°C resulted in Widmahstatten preéipitation of FeBC, as well as
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v heavy lath boundary precipitation of Fe3C, in all alloys. In addition,

a_MoC_precipitate was identified in all specimens-tempered at 400°C.

The 600°C tempering treatment:resulted in'sphefodiZation'oijeBC- o :
 precipitates and resolution of the Fe3C as Mo,C precipitated. Resolution .
b'of'FeBC was moSt’extensive in'the,highet-Mo“content'steels. Ihe> S v

Fe—Moéc SYStem exhibitsfsecondary'hafdeninngith the‘precipitation of

Mo,C after tempering at 600° - This secondary hardening is generally

2
‘associated with a reduction in toughness. Addition of‘Co_to Fe—Mo—C
-steels inhihited-or elininated the secondaryihardening effect normally

| observed.vifoughness, howeuet, did not improve and incfact decreased

- with Co additions | | |

It is concluded that Co additions are’ detrimental.to Fe—Mo-C
steels. Based on microstructural examinations,‘a.hypothesis as to why

.Co has this affect is presented An‘optinum‘Mo COntent for 0.4% carbon

'vFeéMo—C steels isg determined from the mechanical testing data and-

explained by the correlating microstructural features
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I. INTRODUCTION

Dgring the past two decdades the mechﬁnical metallurgy profession

‘has acquired two of its st:ongest techniques for continuing advancement

of the science--thin foil tfansmission_eléctron-miCréséopy aﬁd fracture

'mechaniés tests for determining toughness. fThin foil5traﬂsmission ‘

electron microscopy allowed, for. the first time} examination of some
of the minutest microstructures and substructures present in bulk
materials. Fracture mechanics enabled'fhe first determiﬁatioﬁ of a

toughness parameter which qualifies as a métériél"pafameter. With‘the

~advent of these fecﬂhiques;métaliurgists finélly had the ability to

éccﬁrately correlate the mechanical properties of a material (i.e.,

"strength, toughness, ductility, etc.) with the microstructure responsible

- for the observed properties. Uﬁfortunately, even subsequent to introduction

of the aforementioned teéhniques, a considerable amount of reseaféh'has

been ahd still is conducted without taking full advantagé of  the benefits

of our ned'powerful methods. Many researchers still conduct myriads

of mechanical properties tests on alloys, but fail to examine the
ﬁicrostructure responsible foy the properties being measured. On the
other hand, there are examélés'of excellent microétruttqrél-examinations
of an alloy system wi;hout ény information as to the.physical propertiés
the microstructures engender. How much more useful.the'knbwlédge gainéd
would be if a complete job was do@e!

There are, of,cogrse;*works_which;dehl thordughly andvexcellently
with both the physiéai>pr§perti§svénd tﬁe miCrééfru¢ﬁure of a system.

However, here another problem often arises. Many of the systems-

,investigéted are commerciai.alldys; “These élloys almost invariably are



quite complicated in the sense that numerous alloying elements are present
in the system. While it is uwseful to categorize the mechanical properties
and accompanying microstructures of these complicated systems, the presence

wl

of numerous alloying elements tends to maKe'it impossible to associste

Q

a giVen.microstrUCture Qith.the presence, leck;'or‘chenge ih»amdunt of
_e given eleﬁent.‘eThere are too many possible variaolesieffeCting the <
‘microstructure end'mechanicel'properties. Tnus,'a usefulrprogram to
iundertakepuould'involve'a'sinple'elloy'systemisuch as an essentially
ternary'steel consisting of Fe, ¢ and one alloying'element.' In such a
‘system,}the'microstructure and nechanical”properties could be'cOrreleted .
withzthe.smount‘of‘the{allo§iﬁgdelement'presént.-'éuch an 1ﬁve§tig3610n
would allow the:determinationiof just what.effects the single variable
element would have. 'A’series of:such'inuestigations involving a different
.variable each time would greatly contribute to metallurgical expertise.
._Empiricism would surrender to sc1entific alloy design where the known

effects “caused by esch‘element COuld»be inc0rp0rated.into'al10ys toi

yield s'predetermined set of'prdperties.

‘This paper deals with‘one effort to categorize both tﬁe microstructural

‘and mechanicel effects of.avsinéle‘variable element in a.simple alloy
'system.'.”he effects of varying Mo content in Fe—Mo—C alloys are explored
: VIn addition, the results of- adding Co -at the different Mo contents is - -
studied. This work is one;of a series of similar programs under the |
. directionvofAProfessor_GsretthhonasuexplOring the conseduences of"
7 'varying~singlewelements in simple;steel syStems.l_s ‘Resesrch efforts ..' .
alongvthe same track have alsolbeen conducted by'a'feW'other'inyéstigators?f

However; the majority of investigations studying both microstructure and
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meChanical'properties, thoughioften thorodgh and well done,»have
concentrated on one alloy.lz-ls

’Thezinhestigation to be presented heré(studies the mechanical -
properties,'yield and nltimate‘tensile strength,_plane strain fracture
tonghness; hardness,tetc., and.acconpanyingkmicrostrnctures,of a series
of Fe-Mo-C and Fe-Mo-Co-C steels. The steels are examined in their.
as;quenched fullybmartensitic condition,and as martensites tempered
for one hour at 400°C and 6609C; 'InﬁeStigation of the effects of Mo
additions to steels should be interesting as it is-a widely—used alloying
element. 6 17 Molybdenum is a ferrite_Stabilizer—-in other'words,'a
gamma—loop'former.]T8 Thus; the choice of alloy coﬁposition was'suchvas
to allow romplete austenite formation so-a 100/ martensitic structure.
.could be formed in all alloys. 19

Another interesting aspect in the study of Mo¥containing steels

is that Mo isba strong secondary. hardener'.6’7 'Secondary hardening is
associated with the precipitation of a coherent9 20-22 alloy carbide._
The coherency of the precipitate creates a lattice strain in the matrix

which results in a higher strength and hardness9’23m25 but is acCoﬁpanied

by a reduction in the toughness.7’15 The. precipitate responsible for
_secondary hardening in molybdenum—containing steels has been identified :

to be Mo C.6 749,22-27 Detailed investigations of the nature and

2 .
identification of this precipitate have been conducted by Raynor, et al.28
According to Irvine? Mo’is'preferred‘as a'secondary hardening'element
over other secondary hardeners, notably Wand V. He contends that Mo

is cheaper than W and is more eaSily taken into solution than V. The

latter is a valid point to consider, .The secondary hardening mechanism



depends ‘on an”ultrafinévéIIOy carbide prééipitatiéﬁ,'thus the elements

‘have to be in solution for thé‘meChaﬁism to function. It is extremely

difficulﬁfto'redissolﬁé'yanadiﬁm:carbides into solution after the initial .
casting. o - S o _
A point of great -interest which this-invéstigation hopesvto_shed' v

somé 1ight‘on is the éffect oflﬁé additions on the amount of transformation
 twihning pfesent'inﬁas—quenched'martensifes.  Twinning'has Eeeﬁ associated -
ﬁifh_different effects on mechanical propértieé. While some guthors
'vrégafd tfansfofmatién’twinﬁing"as a pofential"strengthening meChahism6’29
other rééeardhers.hévéiassociated @arked reductions in tohghﬁéSs with the
Preseﬁcé:¢f the twins.>*30 Iﬁe efféét of'Mo'on‘ﬁréhsfofmation:tWiﬁniﬁ8 
_has'nOtheé,been:investigatéd;’7Thus my_;eseardh'cqrrelating microsfructure
with méchanica1 §ropefti§s should add some useful information in this

area. | |

) This’work Will'aiéo add sdmé data to other curféﬂtlyAiﬁtereéting

topics. For example, what are the effects of austehife SFE and CRSé on

the‘mode of transformation? fhere are curfently'nb cleér answers to

these Quesﬁions but data on fﬁe effects of Mo,'whichﬂlowers'SFEzo_and :

isva stréng substitutional’siféngthenerzj should be useful. Also, the
:trué effécts'of Co‘additioﬁs to steels are not known. Reéent investi—:'

. gations have sﬁoWn thét‘Co wﬁich spppésédly raises Ms temperature does
. not result in decreased twinning.z. The effects of Co additions to two - .

of my Fe-Mo-C steels were investigated. }The,résult of these additions

on mechanical properties and microstructure will be of definite interest.



II. EXPERIMENTAL PROCEDURE

A. ‘Alloy Preparation

' The alloys for this feséareh program were all.donated by‘Republie
Steel. A chemical analysis of each material is given in Table I. These
_ alloys were speeially prepared using vacuum‘ﬁeltiﬁg'techniques to keep
fhe impurity levels down. Eacﬂ aiioy was“initially‘east in 50 1b inéots._
Tﬁe 0.4'carbon alloys were received as nominal 0.1 in..and 0.5 in. Hot—
rolled plates. The 0.18 carboe alloy was received as 0.1 in.,vO.S in.
and 1.0 in. hot-rolled plates.' Ihitial heat treatment of all as-received
plate consisted of first sand—blasting‘surfaces clean, then (in 100 1b
lots) vacuum homogenizing at 1200°C for 48 hoﬁrs and fgrnace cooiing.
This was done_prior to'eny machining.

B. Specimen Machining an& Heat Treatment

Three types of specimens were employed_in the_mechanieallproperties,
testing aspecf of this researchﬂprogrem; Cha;py:V—notch bars, round
tensile.specimens and fracture toughness (Kch specimens; Figure 1
shows schematically in which direction each type of specimen was cut
vfrom the rolled plate. The dimensions of tﬁe finished Charpy- V-notch
bars are shown in Fig. 2a. These bars were completely machined to |

their finished'stafe, including the V-notch, prior to any heat.treating;

Heat tfeatmenf of the Cﬁarpy bars consisted of austenitizing at 1200°C-

kin ah Argonvgtmosphere for one hour, thenvquepching_into ice water immediately
 after which the‘speeimens were placed in iiquid nitrogenlfor ene’hour to
ensure eomplete transformation to martensite.~

The final dimensions of the K. _ specimens used are given in Fig. 3.

Ic

These dimensions were chosen so as to comply with the latest ASTM code on



fractufé-fbughﬁess testing;Bl 'Prior fo'héat £reating the specimens were
. machinéd.tOvthe"fihal'diménsions'éhOWn except ﬁithfa gréatér'thiékhess
aﬁd no O;OQS in. slot. After heat trgating and,'whére'applicablé;
témpering;.thé‘speCimens wéteﬁéﬁrface'gréuﬁd under_flood cbdling to
their final width with at least 0.05 in. being removed from each side.
This'procedufe ensured removal'of‘aﬁy'pOSSible decarburized'layér whibhv
géuld:affeét créék pfopagatidﬂ, Finally, the 0,008 in. crack nuéleating
31ot waé;gf6und.in; . | v(.

vb_Figuﬁé 4 is a schematic illﬁstrétion'of the'sfeps‘taken iﬁ»preﬁaiation
of'spécimené to test tensile pfpperties. The fin;l dimensions of these
1 in. gage length'specimené are ;hdwnvin Fig. 2b. As seen inAFig._4;

"blocks" of material ‘the same size as KIc speciméns were first cut from

Ic'fracture toughness

tﬁé same'O.S.in. ﬁominai ﬁhiékﬁésé:piéte:as'thé K
S§ecimens; ‘These "Blocks" Qé£e t£én sqﬁaréd1and“cénter hdléé fdr:foui  '
tenéile’épedimens &eré drilléd. After this iﬁitial machining, the "blodks".
were heat treated:. Heat treatment of Kic specimené and tensile blocks
'consiste& ofvl):auétenitizatiah'atv1200°C'for one hdur\in'Af, 2) quenching
into égitatéd ige-lO% bfine; and 3) immediately reffigerating-in liquid
hitrogen fgr oﬁe hbur-to’ensure complete trapsformation'tp marteﬁsite.
,After'thiévheat treatmeht the‘tensile blockS_ﬁeré éut'into foﬁr rectanggiar_
v‘blanké; one ébbut each centef héle. The blanks,weré thep wet.ground | |
to justvover the fiﬁa1 gage‘seétion;diameter and thé ends'were_fhreéded.:"
A1l gfinding was done. under flood cooling conditions and at such speed |

_ as to-minimize heating. Jﬁst'prior to testing all tensile épecimens

were sufféce buffed -along the gage séction bn-a lathe using kerosene

cooled 600 grit emery paper. This last step was:done so as to remove



.ény scratches or possible griding'mafké which coﬁl& act as stress—
faisers(during-tesfing. Heaf'tréatihg the tensile'speéiméns‘in blocks
the same sizé as fracture toughness specimens ensured as Closély as
possible similar cooling rétes duriné quenching, hencevsiﬁilar micro-
structures. - This, in turn, incfeases the VAiidity of any correlation

vbétween £racture‘toughness and ﬁenéile prqperﬁies.

Every alloy was checked foricomplete through-hardening employing
the quenching conditions previouély stated."Hardnesé tests were made
across sections of each material used, with no significant variations'
in hardness found. X-ray diffréction studies assurea completevfrans—
formafidn to martensite. To within the usual_ACCuracy (~27), ﬁhere

"was no detectable retained austenite.

| Tempering of all speciméns was conducted invciosely cbntrolled
neutral salt‘baths. The.heat capacity of'ﬁhe salt baths was much greater
than that of the specimen o£ specimehs beiné:tempered at one time.

After temperiﬁg_speciiens Wéré:air cqoled;

C. Carbon Analysis

‘Carbon analyses were conducted on eaCH alloy atvthree different
points ih the reéearch‘program. fhe first analysis was on the plate
- material as received from Républic Stéél.‘ A secoﬁd'analysis was
conducted after the homogeniéing treatménts; Thé finai‘analysis was. made
from the gage sections of the tensile spécimens‘affer testing. A 1§ss
of 0.01% carbon occurfed during the homogenization pfdcess.; No further
loss was deteéted iﬁ the failéd samples. The vaiues,éhowﬁ in Iéble i‘

are those of the as-received blate.,



D. Martensite'Start Temperature Measurement

The M temperature of each alloy studied was determined The
7.specimens used in this . experiment were several 1/2 in; X1 in. X 0. 020 in.
‘ thick coupons of each material. A typical run- of the experiment involved;
1) austenitizing'a coupon at 1200°C for seven minutes in aanrgon'
.atmosphere, 2)'duenching'directly'into'a neutralvsaltlbath'held at the
temperaturefbeing Studied, 3)iafter 15 seconds'invthe first salt bath
rapidly‘upquenching thevcoupon"intopa second neutral'salt:bath'held at
aiconSiderably higher temperature, 4) after:one’hour.infthenhigh
‘temperature salt'bath,unenchsthelcouponvin‘ice-brine;'and'5)’metallo_
:graphiCally,polished and'etch’theVSpeCimen”and'observe the‘surfacevusing_
a metallograph. Theruery'thin coupons'(O;OZOHin;-thick) werevused"to
vensure almost instantaneous attainment of thermal equilibrium during

the quenching steps. A carbonzanaly31s_of these coupons before and_
after the experiment showed ndydeCarburisatidnl'_The initial quenching
:stepuis to a'trialqM; temperature, theffirst such temperaturekfor each
alloy being"near its calculated'Mé temperature.f'The'upquenching stepf

is useditortemper_any.martensite that may have formed during the
v'tinitial Quench stepi' The temperature of this tempering.bath Was-600°C
for alloys 214, 215 and 198 and 650°C forvalloys‘216 and 217. These
.temperatures were chosen to be in the metastableraustenite bay between
‘the pearlite and bainitebnoses for each allop 'Thus one could temper

for a reasonable.length of time without worrying about complicating
transformations.v Quenching the coupon from the tempering bath into |
ice~brine resulted in a 1002 martensitic structure.i The coupons were

then wet ground on a belt sander to approximately half thickness. After



this a standard metéllographié polishing seQUeﬁce was used down to a

one micron'diamond ﬁhéel. Nékt-the séﬁples wére etched in 5% nital, then
examined with a Carl.Zeiss.Metallograph. If-the initial duench from

the austenitizing‘temperature‘was to a tempefature below tﬁe Ms:temper—
atﬁre, the martensite plates formed dgring this quench Qere subsequently
tempered. Theseyfempered martensite plates werevqﬁite distinct from

the unteﬁpered martensite formed durihg the ice~brine Quench. If the

' initiavauenchkfrom the austenitizing tempeféture was to a temperature
above the Ms teﬁperature, no contrast variations were distinguishable

in the coupon. Thué it cohl&:readily be determined if the initial
quenching bath was at a temperature aboﬁe or below the‘material'é MS
temperature, and the temperature of this bath could then be lowered
ér'raised 25°C for thelngxt trial run. -In this manner, the MS temperature
of eaéh alloy was bracketed, é.g., a lower and upber limit encombassing_
each MS temperature was found. Subsequehtly,_a binary search was
conducted within each bracket to determine each MS temperature to within
+5°C. The measured MS temperatures are listed in Table I.

It should be noted that the measured MS values are considerably
higher than those onevwouid obtain by calculation using the standard .
formulae. It is believed that this result is due to the large grain
size attained by austenitization at 1200°C. Thisbresult w§u1d be in
agreement with conélusions feached by Eréinan and Ansell32 on the effect

of austenite yield strength on Mé temperatﬁre.
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.E. Mechanicél'TéSting

1. Charpy. Impact Testing

Tbe‘Charpy_anotch'spééiméns shﬁwﬁ in Fig. 2a_Wef¢ uséd;b All
tests were‘conductedvat1;boﬁ temﬁératﬁfe (23°C). Tesgiﬁg;was conducted
dnvé Soﬁntag Universal iﬁpaétﬂtééting‘machine'withva-224 ft-1b capacity.
At leastvtﬁo tests were run,fof ééch'heat treatment condition. Thé |
impécﬁ.values-réported‘are'averages of thqsevtests} |

2.'.Plane;Strain'FréCturevToughneSé (KIc)'-

Figure 3 shows the specimenSIUSéd for thesebtééts;  Diff¢fent 
-thickness specimens were employed so that the plﬁﬁe'stréin critérion:
B = Z'S(KIc/dys)Z“here B = specimen width was always_assured.v31 All
tests wére conducted at ro6m'tempera£uré, 23°C? oh a 360 kip_Capacity :
MTS mééhine. Prior to teéting,alivspeéimeﬁé were fatigued at a rate of
6 Hz until a fatigué.créckvbefweéﬁ 0.05 in. and 0.10 in“long was
visiBle on each sidg of-thé'sﬁeéiﬁen: Loading of ;he speéimeh during
fatiguing wés'such'tﬁéf tﬁe.propér fatigue créqk iength'fesultéd between
20,000 and 30,000 éycléé.‘jSPecimens were uitima;éiy pulled at a head
épeed.of-0.3 cm/min. Spééi@eh design and all fracture toughness géstsv

were conducted in-accordance with ASTM spegifications.31

‘3. Tensile Properties aﬁd Percent Elonggtion

Tensile testing was conducted on a 300 kip Cépacity MTS_machine;
vThe hydraulicvram head speed was 0.3 cm/min. Ail testing was éohduéted
at room temperature (23°C) with at least two fests éf each heat
treatment.condition. _Vaiues'reportedvare averages of all tests.
Eiongation (plastic defofmatioh atvféilure)vwés'depefmined frém a

‘set of gage marks inked with a vérnier height gage onto each specimen
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prior to testing._ Measurements of éaChrgagé_éectiqh béforé and after
testing'were aééurately determined uéihg an optical microécopetequiﬁped
with a yefniér translating stage calibrated fo 0.001 in; Measurement
of the gage section alohg exactly the same pdint on each speéimen's
.'diameter, before and.after teétihé, was assured by inking a center
line onto each specimen at the same time the gageimarks were placed.
Values of pértent elongation feported are averages of at léast two.
tests. |
4. Hardness

Rockwell "C" hardness values were obtained for the materials in
their "as—quenched" coﬁditioﬁ. Hardness'épecimens were cut from previously
tested KIC specimens in such a manner as to a&oid'the work hardéﬁed'
zone caused during faﬁigue-cyciing. Prior to hardness testing the
surfaces were prepared using standard metallogréphic.polishing,teéhniques.
At least 10 indéntations were made in eaéh specimen, tﬁe hardness values
reported beingvan average of all tests. |

F. Microscopy

1. Optical Metallography

Oﬁtical microscopiC’examinatién was conducted on heat-treated
sample,bars of ééch alloy for.each heat treatment condition. Spééimens
were prepared by wet grinding successively on_120, 240,5320, 400 and §OO
.grit papers and theﬁ polishing on a one'micronvdiamond wheel 1ﬁbricated
vwith kerosenef. A'ZZ nital éfch was used. Pictures were taken usipg

0il immersion techniques on a Carl Zeiss Optical Metallograph.
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S 2. -Fractograpﬁy

A11 fraétur§ surfaces of Chérby impactfﬁafé and KIa spéciméné'ye?e
examined using a JSM-U3 Scanhing Eléctrqn ﬁigroScope oﬁéfaﬁed at 25 kv
_in:a;ﬁéCk:Scatferea éiéctréﬁ.moaé; Fréctﬁré surfadesvﬁgre protected
witﬁ‘aéetateéféplicating’tépe‘Wﬁile theisbecimens were‘being cut to
an ac;ebtéblé'size for viewing. | |

3. Transmission Electron Microscopy

'."MicrostrQCtural examinations usingvthin foils'were COndudfed for
- each alloy-heat treatment condition. »Traﬁsﬁission electron miérgscopy
was‘con&@cted on a Siemens Elmiskop IA electron micrOScope OPefatéd-at
100 kV and on avHitachi'high’Vbltage electron miérosboﬁe operated at
650 kV. |

Foils fof transmissioﬂ:elecﬁfon micfo$é§py were préparedfihvthe
following manner: | |

c specimens

a. 0.070 in. slices were cut out of previously tested KI

perpendicular to.the ;rackvpropagation direction. Cutting was_done on
~a flood cooled Dimet saw t§ breﬁent heating, vTemperaturesvattained
during thié chtting-ope:atién were teste& USing'a'tﬁéfchouplé epokied
:intéravﬁolg drilled into a éample specimen-ﬁrior_tb cutting; rResults
~of these testé indiéated no poséible teﬁpeiing_of the foils.

b. Thé sﬁrfaces ofvegch slice were wet ground un;ii parallel.
Again, lbw rates of feed:wérgiﬁsed ﬁo'prevént heating, iess'than

- 0.0005 ‘in. being_removed'pef §ass.
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" ¢. The parallel slices We£e cﬁem1ca11y thinned to 0.005 in. in a
hydrogen~peroxide hydroflouric acid solution. This solution had to be
frequently changed (every 15 minutes) and kept below 30 C. At the
conclusion of this step, specimen thickness d1d‘not vary‘by.more than
0. 001 in. from one end to the other. | |

d. Final thinning was by electropolishing in a chromic—acetic'
acid solution of the follpwing composition:

88 gu Cro,
470 ml HAc

| '35 ml H,0
Electropolishing was conducted using the window method with the solution
at lofC and an applied bias of 10 to 12 volts. The specimen was so
masked as to produce foils in several different regioné. Thus foils

from several different regions of a K. specimen could be obtained from

Ic

each original slice.
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. III. RESULTS AND DISCUSSION

 A.' Iranémission Electron Microscopy-éSum@érzﬁof Findings

The microétructure of;eaéhvdf my glldysbinveachJOf'thé Heatb'
;tréatment cbﬁditibns‘sthdied”&aslegémiﬁed péing‘traﬁsmission éléctron
'.-microscqpyitechniQues. During Ehé'éourse pfrthé'examinﬁtioﬁ several
hundred piétures were‘taken;*iThus, the.figures 1ntfoduéedvhér¢';eprésent
typical étfugturés ébsérvea,‘or in"céftain'iﬁsténées; where ménfionéd,
arevdegigned to illustrate specific points gf interésﬁ; .Typiéally;'v.
'.tﬁe»0.4 carboﬁ alloys’(214,'215,”216-éﬁd 217) in ;hé és4quenched condition
exhibited a mixturehof'diélacaiéd lath marténéité‘éhd fwinnéd:élété
martensite.. Due ﬁainly to-ﬁhe'fact that the émoﬁnt of twiﬁﬁihgjobéerved
in any one pictﬁre:is stronglyfdebendenf onzthe fdil orientatiqﬁ,_it
was found- impossible té‘aSéiéﬁ'éﬁ exéctfbefbeﬁtagémto the relativg
- amount of'tﬁinned mérteﬁéife in ény ohevalioy: "Hdweyer; after careful
viéual examination of_many'picturés of each alloyvit.is”apparent fﬁat
'alloys'214'and 215 have aboutfthé saﬁe émount of twinning. Also,iailoyé
216 and\217 have close to thé'saﬁé'amBUnt of twinning. 'Howevef, the
' f;rét mentioned pair (214 and_ZlSj exhibit approximately twice as
muéh twinned area as the 1étter pair.(216 and 217). Alloy 198, the
low carbéﬂ alloy, is‘almost lOOZ dislocéted mérténsite. Inveétigation
for retaiﬁed‘austénite wéé céhducted, eépecially on élloy 216 which.
exhibited superior‘ﬁechénical propérties,:But no'evidence Qf réfained‘
austenite ﬁés found;v A11 ofvfhev§s—quencﬁéd strﬁétﬁfes éxhibitéd:some
auﬁo—temperéa Fe,C. A further poiqt to noté i$ that thg th'alloyS
containing Co, 215 agd 217, afpeare& io have, on fhe average, -a finer

structﬁfe,'i.e., thinnér laths and plates; than thenéimilar alloys
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without Co. This obviously results in an increase in boundéry érea
for the Co containing.étéeléx‘ | | e
Tempering.at 400°C fééuitéd in both a matrix and lath bbﬁpdary
pfeéipitation 6f FeBC. ’Thefeiwés:alsdbcementite.preéiﬁitatioh at the
matrix—;win'inferfacés as previously repofted by other reséarchers.l_4’33
AnalySis of streaks in the diffractioh paiferns led to the conclusion
.that very small amounts of MoC were also present in'éll the alloys
with this tempering tfeatméﬁtli'However, I was unable to uniquely
imagé'this ptecipitate; This typé of ptecipitaté has also'Been'néted
by previous researchérs}lz’26 ' | |
Tempering at 600°C resulted in a'very fine'précipitation of the
Mo,C alloy éarbi&e'asso;iated with sécdndary hardeﬁing. Precipitétion
of this phase was accdmpanied by dissolution of the previous cementite
precipitate. .Scme éementite was still presént inrthe 0.4 C alloys though_'
none was observed in the 0.18 C alldy. Also, tﬁe 1ow‘Mo alloys 216

and 217 appeared to have more remaining Fe.C than the higher Mo alloys

3
214 aﬁd‘215. The remaining cementite had édnsidefébly spherodized
so that it no longer existed as a continuous interlath precipitate.

1. Structure of As—QuenchediMartenéitel

The typiéal microstruétufes:of alloy 198 in the as—quenched éonditién
is ‘shown in Fig. 5. This méterial ié the oﬁly‘low éafﬁdn alloy ‘
(0.18 wt?) iﬁ the series of compositions sfudied. Its microsfructure '
is predominantly a fine dislocated iéth.martensité:as shown in Fig. 5a.
The laths are mainly of the érder of.O.ZSFOQSOImicrons wide; howevef;
é few much thicker laths, up to 2 microns wlde, as shown in Fig.ISb,’

are also present. There is evidence of auto-tempering in both-5a and
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 Fig. 5b.. By trace analysis, the carbide produdt-was'séen to lie along’

{110} planes, thus it is probably Fe.C. Figure 5c is a {110} dark field

3
»6f_the'éame area as Fig{ Sngﬁa:lighté up one variant of the auto-
teﬁpéfed céfbide. An extréméi§'sméll'aﬁouﬁt of tﬁipnedtﬁaftensite
piates:wereialso present. Also, in a small percentage éf'the_regions
observed, fine interlath carbides were presénf.f

"Figufés 6a, 6b‘and 6c show the‘typical’microétructure.df as-quenched
‘alloy 214. This structure consists of a mixture of'heavily dislocated - -
lath martensite together with a substantial amount of twinned maftensite:
Thevaﬁoﬁnt of twinning visible, howevér; is by hoimgans cdﬁstéﬁt from’
fégionbto regioﬁ as'a‘compariéén'of Figﬁ; 6a and 6¢c wiil Shbﬁ. _Thése
pictures were taken from different aréas of the game foil. Figure 6b
‘is a dark fiéld'ofvfig.'Ga ;hd'éh6wéithe presence of an 1nteriétﬁ o
carbide precipitaté.’ Calculation of the camera constant and the
resulting d-spacings fram_sevefal carbide spofs détermined.that this
carbide is Fé3C. In genetal,'very.ligtle 3ut0~tempered carbide wasv
- present in the laths of plates; only the 1ntéflath boundaries con-.
sistently.sﬁowed a precipitate. |

“Alloy 215 has'a'composition very similarvtokthat of alloy 214, as
~shown in Table I, with the excéption that 9% Co has been added to 215.
'The_as—qﬁenched structure of 215 is represénted in Figs. 7 and 8. The
strﬁcture cbﬁsiété'ofiexﬁfeﬁQIY'fine'(~0;1U‘wide) heavily dislocétedi.
: 1aths‘miﬁed ﬁith fine (~0.2u wide) héavil& twipned'plates. In'Somé'
regions, as shown in Figs;vfa and 7b, fhe fine'laﬁhS'appear to be quite.

randomly mixed together. Close'examination of some of the larger laths

in these figures will reveal that they actually are a number of fine
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parallel laths. 1In o;her areas the fine laths exist in large.families
or packets as seen in Fig. 791: Each family has the'samé basic briéntation,
but adjacent laths in‘a packef are-occasionaliy'twin relatedior separated
by a small angle boundafy.34 Figure 7& is a dark fieldAof 7c lighting
dp one particulaf packet of iafhs. .Figure 8‘éhpws a'heaviiy twinned"
region in the microstructure. Figﬁre 8a is a bright‘field picture
while 8b is a dark field of a £ﬁin spot, hence fhe‘;wins reverse contrast.
Note, here'aéain, some regions'of a foil show little or no twinning
while other regions appearvheavily twinned. .In soﬁe_instahces the
foil orientation could strongly affect.the amount of-twinniﬁg observed;
however, several orientations of a given région were often observed to
obtain 2 maximum amount of inférmatibn.v Sm;ll amounts of auto-tempered
carbides were found in this alloy'also. vThey appeared to be almost
exclusively in the interlath boundaries between different packets of
laths. No carbides were visible in the boﬁndaries between laths within
a packet. The;e doés not appear to be any éignificant auto-tempered
carbides within the lgths themsel?es. 'Hoﬁever, due to the fineness
of these laths it was not possible to determihebthis rigorously.
Another effecf of having numerous extremel& fine laths in many orientations
was horrendous diffraction patterns even using the sﬁallest selectedvarea
apertures. Thus,'it was nbt possible to detérmine the natpfe of the
carbide precipitate; however; #here isvno reasoﬁ not'tq believe it is
Fe3C as determined in alioy 214,

The next Figures, 9a and 9b, show the micfdstructures‘typical of
as—quenched 216. The microstfuctﬁfe here is similar to that seen in

alloy 214. It consists mainly of dislocated lath martensite with lath.
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‘size fanging from 0.1u to 0.5 wide. vThe amounﬁ bf'twinﬁing bresent

in this eiloy is cOnsideraﬁly less than‘tha? in 214. There are, heﬁever,
'vSCiil some regions that.exhiﬁii heavy twinning. Mest regione show little
or no twinning. Auto—tempering was minimal in this allbyé(e Sqme o

3

C precipitates were observed in the lath boundaries as

precipitation inside laths was identified as Fe.C by trace analysis.

Also,'é few"Fe3
seen in Fig. 9%. However, this auto-tempering was neiﬁﬁet wideepread
throughout‘the etfucture nor in greet'amounte; |

Alloy 217 exhibited a similar structure to 215 as did alloy 216
to 214. This is interesting because alloy 217 bears a'reletioﬁshiﬁf
to 216 similer eo that between 215 and 214. Alioy.217 is chemically
similar to 216 except that fhe‘former'has a Co edaifion while fhe latter
does not. It will be recélledfthet 215 ﬁas Co wﬁile 214;‘which is
otherwise the same Chemicaily, doeé not. _The structure of 217 is
predominanﬁly very fine lath‘méftensite, very simiierfto tﬁet found in
215. Figures 10a and 10d show this structure. No regionvaieh extensive
fﬁinningbwere_observed, but some of the very_fine (~0.1-0.21 wide) plates
wefe seen to be internally twinned. .Of consideraﬁle interest is the
precipitaee observed in this structure. Figures 10b and 10c are both
dark fields of Fig. 10a. It will be noted that there is extensive
interlath.carbide.precipitatien. Bbthespbts used for thesevfigufes had.
calculetedvd—spaeinés that identify Fe3C as the preeipitate. This alloy
exhibited'tﬁe moet exteneive_boundary precipitation of any of the alloys

observed. In addition, some auto-tempered Fe3C was found in the larger

laths.
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2. Structure of Martensité Tempered at 400°C

The structufe of alloy 198‘was not greatly chéngédfby this tempering
treatment. The main differenqe béthéen,the tempered and‘as—quenched
'microstfdctures was an‘increasé in the amount and diétribution of a

Widmanstatten Fe,C precipitate'(Fig. lia). Figure 11b is included to

3
show thatueven in this low carbqn_mérténsite some t&ins exist, Typically
the.twin~matrix interface is‘éiprefefrential position for carbide
nucleation, thus there is usually an FeBC precipitate aléng the interface
after tempering. Even after the tempering treatment a negligible amount
.of intérlath carbide was observed in this.alloy.

| The four 0.4 carbdp alloys behaved quite similarly on tempering.
A large amount of Widmanstattén ceﬁentite pfecipitated throﬁghout the
laths. There was also precipitation on twin-matrix intgrfaces and a
furthér préCipitétion on lath boundaries. Figures'12‘through 14 show
typical'st;uctufesbof the élloys in this tempered condition. One should
vnote ip Fig. 13 the fair amourit of spherodization of carbide that has
occurred in alloy 215. This same effect is noticeable to a lesser exfent
in alloy 214 shown in’Fig. 12: Alloy 217 behéved in a manner analogous
with 215. The behavior of alloy 216 is illustrated in Figs. 14a; 14b,
l4c and 14d. Large Widmanstatten carbides form throughout the matrix

(Figs. l4a and 14b) and Fe,C precipitates in the fwinrmatrix interfaces.

3

(Figs. l4c and 14d).

| Aléo hotedlaf fhe 406°C témﬁeriﬁg temperétufe was the pfesence of
an MoC precipitate. However, the amounts were so miniscule as to make
imaging vimﬁossible. The carBidé'phase»was,identified in each alloy by
taking oﬁer—expoéed'diffractibn patterﬁs. In these diffraction

patterns faint ring patterns were discernible. Using the camera constant
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calculated for a diffraciidn pattérn and measuring the radii of the
‘ring patterns d-spacings were calculated. In each case the calculated
d-spacings correspond to thosé'qf MoC.

3. Structure of Martensite Tempered at 600°C

' The 600°C tempering temperature was chosen because previous

_ 7,1 W : . : " L
researchers’ ’ 3 have shown that for a one hour tempering treatment

this temperaturevresults in peak secohdéry hardening for the Fe-Mo-C -
system within approximately my.compbsition ranges. Secondary hardening
in this system is associated with coherent ﬁrecipitatibn of'thé'Mozca
9,20-22 g . L L ¥ ‘ L
After overaging this carbide tends to assume a needle-

like shape;22’24’25‘however, one hour at 600°C is neither aulohgfeﬁoﬁgh'_

carbide.

period nor a high enougﬁ temperature to result in suhstantial'bveraging;
Thus one‘exbects to find a fine-barely reéblvable network'of'Mozc such
aé previously observed. by Pickefinggiand otheré;l4

All of the alloys examined exhibited éfvéfy’fing'cldud—like'MoéC'
precipitate. The pfecipitafé"was'iééﬁtifie& by. the difectiqns of
stfeaking in the difffaétioﬁ éafterﬁ§ éfter the énalysis:bf Dyson,
Raynor, et al.28 An example 5f a streéked'diffractioh pattern is shown
in Fig. 15. Dark fields of the MOZC precipitate were fakén'by including"
tﬁe streak witﬁin the area of_thevobjective apertﬁre. .Typical examples

of the observed Mo,C precipitate are shown in Figs. 1l6¢ and 17b.'

2

No cementite was found iﬁ élloy C198,a£ter'the'600°c temper. . The
6.4 carbon alléjs,véﬁ the other hénd; stillyébnfainedISOme matrix and
interlatﬁ FéBC._ Ihe amounfs»ﬁf Ee3C'varied,>alléys 214 and'215 showing
.fair:amounts (Fig. 18) and alloys 216 ahd 217 just mipimal.améunts and

only in,occasional.lbcations'(Fig. 16b).
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B. Mechanical Properties Tests

Each élloy was subject ;o.fou; tests to determine its mechanical
properties. Tensile'teéts;.piané—straiﬁ (KIC) fraétﬁre toughness tests,
Charpy V-notch impact tests and hardness tests'were‘éonducted in the
manners previously étated. From thesé tesfs.infOrmation‘on yield strength,
ulfimateltensilé'strehgth,'ductility, fracture téughﬁess, impact toughness
and hardﬁess was obtained. The tensile test data is summarized in Table IT
aﬁd Figs. 19.and 20. All daté.représentsvaverage values from two ér.more
tests in’gach.condition. From the plot of yield streﬁéth’ﬁs tempefing
temperature (Fig.‘l9) one'obéervés'the characteristic secondary hardening
peak for 600°C tempering 6f alloys 214, 216 and 198. Note, howe&er,
that alloys 215 ahd‘217, those cohtaining Co, do not exhibit a secondéry
hardening phenomenon. Since segondary:hardenihg in Fe—Mo—C‘steelé is
associatgd with a cohereﬁt.precipitation of MOZC it appears that Co either
inhibits .this precipitation or affects the coherency and hence the.lattice
strains associated with precipitétion of thé MoZC phase. Upon examining
the percent elongation data in Tablé II, one notes that at the 600°C
tempering level alloys 216 and 217, the low Mo alloys, sﬁow fair amounts
of ductility. This suggests that these alloys may be starting to ovefage.
Irvine7 and Picker_ing9 have found that highef Mo'iévéls move the-tempering
temperature for peak segondary hardening to higher levels.%

Results of the plane-stfain’fracture toughhegé tests are shﬁmariiéd

in Table III and Fig. 21. All test results reported are valid KIC

values in accordance with the testing_criteria described earlier. The

values are all averages of at least two tests. Multiple tests



TR

characterlstically exhibited extremely little scatter '.Examining the .
data in Table III, one notes that in all alloys, except 217 v
‘ toughness drops at the 600 C tempering condition. This observation .
" is in agreement with previousresearchers12 14 15,35 yﬁo-have also fQUﬁd
that fracture:toughness'detreases:aroundfthe’secondary'hardeningipeak;
This drop in toughness is‘attributed‘to the strained-nature of the matrix
containinglabcoherent or_semifcoherent:precipitate. -The'behavior of
alloy'217 may'be'attributed tofan inhibitioniof'the secondaryvhardening
PrecipitatevMoéC caused by bo;';Honeyer;Aalloy 215, nhich_contains less
Co.than'217; does not exhibit this effect. Other'noteworthy ﬁoints'inciude
‘the fact that the‘alloysbwithout_Co addition are alWays tougher'than’
the COmparable alloy‘containing.cog i.e.,“2l4 is always tougher than -
' 217.'_Thus Co is definitely detrimentalbto_toughness;' Kffinal and
| importantvpointvis-that'the more heavily twinned martensites, thoseﬁof
alloys 214 and 215,vhave'lowervtoughness than the léss twinned martensites-
vof'alloys'216 and 217. A good idea of the effect of twinning ‘can be
obtained by comparing, ‘in the as-quenched condition,'alloy 214 and 216
_and alloy 215 with 217 thus llmitlng the effect of Co in the comparison.
Figures,22 and 23 present the fracture toughness, KI‘, of the alloys
as a function of temnsile yield strength and ultimate tensile strength
respectively. These figures allow easy comparison of the materials in
their different heat treated conditionS'to;determine'the optimum
combinations;of"fracture toughness:and-tensile propertiesrv-From the
figures one notes that the alloy 216.1in the as—quenched and,400§C
temperingtcondition exhibits‘the best combination of'properties. A

combination of alloy 216 with‘other common alloys is presented in
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Fig.:24.b One notes that 216 without employihg a therﬁal—mechsnical
treatment has properties just below those of the maréging steels.

' The impact toughness as defermined by Charpy V—ﬁdtch tests is
presentéd in Fig. 25. vAll tests werekéonducted ét room teﬁperature,
23°c, An& the results shown represent an average of at least two tests
for each alloy-heat treétment‘éombination. Little'séétter»wés observed
in multipié tests of simiiar specimens. The Charpy impact toughness

.results, it will be noted, follow similar trends to the K_ " plane

Ic
strain fracture results. The main point to conéiderjfrom the data,
-though,.is that all the‘impaét‘toughnéss valués are iow. Eleven

ft~1bs is the maximum,enérgy absorbed for any alloy—heat treatment
combination. This low impact toughness is characteristic of low alloy
high yleld strength steels.

Hardness tests were conducted only on as~quenched sémples of the
alloys. These tests were used to ascertain two poihts. First, éomplete
through hardening of the.largest thickness used for each él1oy was
ascertained by laék of a hardness gradient between the cénter and outer
portions of the specimen. Second, tﬁe hardness values obtained were.
uséd as an additionalvcheck on decarburization. The values recorded
all correiated well with accepted hardness valugs.for sfeels containing

36

the amount of carbon which my élloys‘did. The hardness values are

reported in Table III.



=24~ - .

C." Fractography

Scanning electron fractography was’ conducted ‘on all fracture
toughness specimens. The observed fracture surfaces were all remarkably
similar. Figure 26 illustrates this typical fracture structure. The
fracture surfaces invariably consisted of low level and small dimples
mixed with varying amounts of flat cleavage—like areas. This structure
is analogous with the one treated by Low in his paper;B? In this paper;
he describes how such a dimpled rupture surface, generally:associatedi
with ductile failure; can be obtained in the brittle failure of a_high
strength alloy. The dimpled surface is explained in terms of a
coalescence mechanism during fracture. The fractographs of the alloys

examined in this research project tend to support Low's proposed mechanism.
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' IV, CdﬁCLUSIONS

The éffects on microstfuctufés éhd cérrelatiﬁg physiéal properties
of two diffefent alloying elements havé been studied. First, a set of
essentially ternary Fe-Mo-Cvsteeis were examined. 'Thé effect of |
incfeaéing Mo ‘content at a constant carbon level and the effect of varying
the amount Qf carbon at a gi?en Mo conteﬁt were studied. Next, a
fourth element, Co, was added.to two of_the steels to determine the
consequences of such an addition at differént levels of Mo content.

The - carben content was kept cdnstant ét'0;4% in this latter case. The
' conclusionsvvarrived.ét_frém éxamination of the physical properties and
the miCrostructurés‘responsiblé'fbrvthe physical properties of these
alloys ére: | | |

1. Cobalt does not raise the Ms temperature‘in_thése alloys.'

Cobalt may shift the position of and bfoaden the Y~-loop present in this
alloy system but itAdoés.not raise th; minimum temperature of 5ustenite
_stabiiity for the compositions examined.

2. Cobalt additions do not result in any noticeable decrease in
the amount of twinﬁing bresentlwhen compared with a similar Fe-Mo—C'
alloy without Co additions.

3. The presence éf Co.in an alloy appeéré to induce a finer
martensitic_micfostfucture when thé.alloy is duenched to a 100% martensite
condition. |

4. Addition of CQ to:ah>fe;Mo—C steél in the "as~-quenched" condition,
all other things remaining'coné;an; (i.e., other alloying elements,

" heat treatmént, étc;), results in a lower bléne strain fracture toughness
and ‘a slightly lower yield aﬁd ultimate tensiie’strength. In éddition,

the ductility is considerably reduced by the Co addition.
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s Cobalt‘additionsﬁto FéeM&-c steels in aSQQQénéheq gnaﬂtémpered
condition apnear to:strOnglylinhibit”the secondary hardening“reactionv
charaéteristicvovao alloy steels.°tlnladdition,‘the'Co COntaining'
steels'haVehlower fracture toughneSS;'yield‘and'ultimate tensile:strength;'
and lower ductility when compared to similarly'tempered;non—cobalt | |
.bearing steels. | |

6. A possible explanation of the effects of Co lies in the fine
martensitic microstructure nresent in the Co containing alloys. These
;alloys also contained the greatest amounts of 1nterlath Fe3C precipitation.
Thus Co may act to stabilize Fe3C Also greater amounts of interlath |
carbides could act as fracture paths lowering toughness. ”lnraddition;

a stabilized Fe.C would ‘hinder the uniform precipitation of the secondary

3
hardening MozC'phase;byipreventing'a homogeneousdsolution of C'in.the
ironbmatrix; | |

©7. Increasing amounts ofvﬁo,'atveontant C content3 result in’
;L.ncreased"amountso:‘:''twi.nning{i

8. It could not be determined if the increase in twinning was due
to increased Mo content or due to ‘a IOWering of the M temperature caused
: byathe addition of more Mo. - ’

9. Microstructuresvwith'more twinning’werevless tough.and less :
ductile than those microstructures exhibiting lesserramounts”of'twinning.
Yield and ultimate tensile strengtthwere'not greatly affected'hy
increasing Mo additions'heyond approximately 2%;

. 10. Lowering C content at a constant Mo leuelfresults in a'substantially
reduced amount of tninningv As—quenched toughness is increased as is |

'ductility with lower C content "however, ultimate and yield tensile

,strengths are drastically reduced as expected.



R o AR RS L

Optimum properties were obtained with alloy 216 containingYZjZZ

J,Mo, 0 4% carbon. This alloy has enOugh Mo for adequate hardenability. 3 f_df'x“f"
§ At the same time there is not 80" much Mo as to attain a strong secondary e
:hardening peak upon tempering at 600° : Since a strong secondary

‘-hardening peak is generally accompanied by a sharp drop in toughness,-ff}a't”

;this alloy benefits from only the mild secondary hardening reaction.
»’Thus, while tensile and yield strength do drop somewhat upon tempering
i_one hour at 600 C the loss is compensated by a much better plane strain Sl

‘fracture toughness than exhibited by higher Mo steels with strong

: secondary hardening peaks Also, in the_ as—quenched"'condition, : f.

- higher Mo steels would exhibit ‘more. twinning in their microstructures

' and this agaln would result in lower toughness here without the benefit

'of increased tensile strengths.
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Table I. Alloy compbs‘it_i_ons‘ -and Ms t.emp_era't_ures.'i
, M. . M
Alloy - C  Mn si Mo Co - Calculated °C Measured °C - o
c198  0.18  0.30 0.15 3.85 --—— 371 356 ;
C214  0.41  0.35 0.15 4.2 =-- 282 345
c215  0.43 = 0.3 0.15 3.85 9.0 366 345
c216  0.43  0.33 0.15 2.2  ——- 316 474
c217  0.42  0.33 0.15 2.1 5.2 366 474
o
/
/
. -
y
Y
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'liéblé Ii,y Tehéile>tes;asumméry.

Average Tensile
Yield Strength

Average Ultimate

Percent

198

193,000

‘Type Speéimen o (psi) Strength. (psi) . Elongation
214 . AQ 257,000 322,000 2.03
214 400 - 205,000 251,000 7.1
214 600 ~ 271,000 279,000 0.6
215 AQ 246,000 " 283,000 1.6
215 400 257,000 278,000 1.0
215 600 © 198,000 198,000 0.2
216 . AQ 258,000 311,000 2.5
216 400~ 197,000 230,000 '5.8
216 600" 206,000 223,000 10.7
217 AQ 253,000 306,000 1.6
217 400 248,000 277,000 - 3.1
217 600 240,000 ~ 253,000 2.5
198 AQ. 160,000 - 198,000 - 12.6
400 153,000 183,000 13.9
198 600 205,000 8.5
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’Table,IIi.'fiqyghnes§ andfhardnesé data.

.. Heat .
Alloy Treatment

Kie

Hardness

c198
- C214
f c215 -
czlé,;“'

c217

AQ

1200°C
400°C.

600°C

- AQ' :
~200°C

400°C
600°C

AQ

200°C -

400°C
600°C

AQ

- 200°C

400°C

1600°C

. AQ
- 200°C
- 400°C
600°C

93.2

o - —

88.9 -
46.1 .

44,2

e

641
41.9

35.0

33.9

26.8

94,3
73.3

44.1

52,1
59.9
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'F'ig.. 1. Schematic of how mechanical pro'per_t'ies test specimens

were cut from rolled plate.
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Preparation of round tensile specimens R
A. A 21/2 in., %x 2 3/4 in. blank is cut from the homogenized material

B. .Center holes for four temsile specimens are drilled into each blank

C. The blank is heat treated to the martensitic’ conditlon.

D. The blank is cut into four rough bars. :

E. The bars are ground to the finished tensile specimens shown in the figure
F Tempering is done on finished specimens

- Note:

ROLLING
' DIRECTION

CENTERS/
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= 2/2 .

—032"

S __4«;__‘ :
ROUGH TENSILE BARS READY FOR GRINDING
e | XBL 735-6191;;‘
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:_,,h.’

All cuttlng and . grindlng after step C is done using flood coollng to ptevent heatlng
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XBB 736-3529
Fig. 5. Bright field micrographs (a,b) of typical as-quenched structure in
alloy C198. Extensive auto-tempering is evident. Dark field (c) lights

up one variant of auto-tempered Fe3C seen in bright field (b). Foil
orientation: (a) (111); (b,c) (100)
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XBB 736-3521

Fig. 6. Bright field (a) and dark field (b) of typical as-quenched
microstructure in alloy C214. Dark field (b) lights up
Fe3C interlath carbide present. Comparing bright field
micrographs (a,c) shows variation of percent twinning
observed in different regions of the same foil. Foil
orientation: (a,b) (111).
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XBB 736-3530
Bright field (a,b,c) micrographs of typical as—quenched
microstructures in alloy C215. Fine packets of lath martensite

are visible in bright field (c) and one such packet is 1lit up
in dark field (d). Foil orientations: all (111).
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XBB 736-3517

Bright field (a) and dark field of twins (b) in a heavily
twinned region in as-quenched alloy 215.



-

XBB 736-3522

Fig. 9. Bright field (a) and dark field showing typical FejC dis-
tribution (b) in as—-quenched alloy 216. Foil orientation
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XBB 736-3527

Bright field (a) and dark fields showing heavy interlath Fe3C
precipitation (b,c) in typical as-quenched microstructure of
alloy 217. Bright field (d) shows another region of this

microstructure. Foil orientations (a,b,c) (111); (d) (100).
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XBB 736-3526
Bright field micrographs showing continued precipitation
and growth of Widmanstatten Fe3C (a) and the existence

of twins (b) in alloy C198 tempered at 400°C. Foil
orientation: (a) (111).
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XBB 736-3519

Bright fields (a,b) of typical microstructure in alloy 214
tempered at 400°C. Observe presence of large Fe,C
precipitates. Foil orientation: (a) (100); (b) (311).

<
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XBB 736-3525

Fig. 13. Typical microstructures present in alloys 215 and 217
tempered at 400°C. Large spherodized carbides are seen in the
bright field micrographs (a,b). Dark field (c) lights up the
Fe3C precipitate shown in bright field (b). Foil orientation:
(111),
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XBB 736-3518

Typical microstructures present in alloy 216 tempered
400°C. Bright field (a) and dark field of large FejC
precipitates (b) present through much of structure.

field of heavily twinned region (c) and dark field of

carbide formed on twin boundaries (d). Foil orientat
(c,d4) €133).

at
Bright

fon:
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XBB 736-3523

Fig. 15. Selected area diffraction of pattern with arrow pointing to
streak indicative of MojC precipitate. Such streaking found
in diffraction patterns of all alloys tempered at 600°C.
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XBB 736-35Z

Bright field (a), dark field of a cementite spot (b), and dark
field of an Mo,C streak (c) showing characteristic carbide
distributions in low molybdenum alloys tempered at 500°C.
Alloy 217, foil orientation: (311).
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XBB 736-3516

Fig. 17. Typical appearence of Mo)C precipitate. Bright field (a)
and dark field of a Mo,C streak (b). Alloy 215, foil
orientation: (111).



XBB 736-3520

Fig. 18. Bright field (a) and dark field of cementite spot (b),
showing characteristic Fe3C distribution in high
molybdenum alloys tempered at 600°C. Alloy 215.
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Fig. 19. Room temperature tensile yield strength (0.2% offset) as
a function of tempering temperature.
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Fig. 20. Room temperature ultimate tensile strength as a function of
tempering temperature.



-55-

PLANE STRAIN FRACTURE TOUGHNESS, KSI-IN Y2
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Fig. 21. Room temperature plane-strain fracture toughness as a
function of tempering temperature.
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Room temperature plane-strain fracture toughness vs
tensile yield strength for each of the tempering

conditions.
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Fig. 23. Room temperature plane-strain fracture toughness vs ultimate tensile
strength for each of the tempering conditions.

_Lg_



PLANE STRAIN FRACTURE TOUGHNESS, KS!-INY2

-58-

ALLOY 216
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Fig. 24. Comparison of ultimate tensile strangth and plane strain

fracture toughness of alloy 216 with the strength and
toughness properties of several ultrahigh-strength
commercial steels.
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Fig. 25. Room temperature Charpy-impact energy as a function

of tempering temperature.



—-60~

XBB 736-3524

Scanning electron micrograph showing typical fracture surface

exhibited by all fracture toughness specimens. The fracture

surface is a mixture of low level dimples mixed with varying i
amounts of flat cleavage areas.
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