
Lehigh University
Lehigh Preserve

Theses and Dissertations

1970

The effect of isothermal heat treatment on the
ferrite grain size and properties of large carbon
manganese steel castings
Raymond M. Hemphill
Lehigh University

Follow this and additional works at: https://preserve.lehigh.edu/etd

Part of the Materials Science and Engineering Commons

This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.

Recommended Citation
Hemphill, Raymond M., "The effect of isothermal heat treatment on the ferrite grain size and properties of large carbon manganese
steel castings" (1970). Theses and Dissertations. 3811.
https://preserve.lehigh.edu/etd/3811

https://preserve.lehigh.edu?utm_source=preserve.lehigh.edu%2Fetd%2F3811&utm_medium=PDF&utm_campaign=PDFCoverPages
https://preserve.lehigh.edu/etd?utm_source=preserve.lehigh.edu%2Fetd%2F3811&utm_medium=PDF&utm_campaign=PDFCoverPages
https://preserve.lehigh.edu/etd?utm_source=preserve.lehigh.edu%2Fetd%2F3811&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/285?utm_source=preserve.lehigh.edu%2Fetd%2F3811&utm_medium=PDF&utm_campaign=PDFCoverPages
https://preserve.lehigh.edu/etd/3811?utm_source=preserve.lehigh.edu%2Fetd%2F3811&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:preserve@lehigh.edu


' 
' 

- -- _____ _:_~_,:..__ ___ -----.........._. ___ . 

.. 
~' . 

I 

. - ------- ' -- - _.:___ __ _::,._ ___ - ·-

• 

" 

.. 
' 

- ------:-:,-

- ) 

·r 

·,. 

I : 
·=· 

TI-IE EFFECT OF ISOTHERMAL HEAT TREATMENT 

ON TI-IE FERR111 E GRAIN SIZE AND PROPERTIES 

OF LARGE CARBON MANGANESE STEEL CASTINGS 

P'· 
---: _, 

--"" 

..... 
'II 

· . 

Raymond M. Hemphill 
·.l 

. ' •. ' 
•' I 

·----·---··------t-·· ·-----..----------~·---- - .. -

... ~·. 
w ... 

.,4, 

--~ ... 

A Thesis 
-~-----'-;--;---,--------------....---·- -- ------- ------

Presented to the Graduate Faculty .. _, 
!)ti/:· 

• • 'C I 

.~l- . 
... 

.of Lehigh University 
.... , __ 

-. -- . 

D __ __,_,__ - - -- - -

-.•. ct 

·-----·---

·' 

.. ,, 
. ,:. ' 

···- ---~------- ·- .. :-------.--········ - .. --,-···-------: ______ _ ---- ··-·-···----,r-·-· .• 
--._--.""'=· ----'----~--=----~-:--··_--"-..:....l·-'_-- _ .. --_·------:-_--_·-_-_-_··-_--"~-·~'.in.....-,-··. ·c:f·a~~didac y -f·or · the Deg·r~e~_ e--: -o-1"''---_...:....:............,...:_.-. -.. --:---···..;_, ._. ~_:._..._~-----T 

. - C 

Master of Science 
••"•·•-, -'.' ' ' , ...... , ,•" .),N·-·, .. ~------·· .. 

-----~---- - --..- -·-- - ---·--·----·- ·-·-- -.--- --··.~·: .. :---:--··- - --

' . . - ··;··"-.,.-.- ···r --.-~-"-· ·,•.--.-~·--. c.- ·---~., .··. c'", r. ·-··· -•--~--; 

,' - '" . 
__ .....,. ____ ~- --·--· .... ,,--,r-,+<-~ ..... -., ... -~..___ ... ..._......_ __ ~--- ' .. _ ' - .. - ........................... , • ._.__~ ... ~--___.--,--.... -----~"''"-"'• .... - ·--------,....,...--,.,-- ... "":'~~--,.---:-:' . - .· v---~·-

. :-.· .. 

,). 

. ,, 

\'.~:-"~~,p ~;.·, 
l ' 

,/. 

. \ 

t' ,,,_,, ··i • ,· ~\ ; ' 

_. -·-

., 

"-'·. 

..... 

..... ~ 

'o 

Lehigh Uni~1ersity · --,...._ 

/ ... · 

1970 ·r· 
) 

·_,' __ -,: ', . 

. :,.:--~-'.--'.-·. 

.l: ,• 

c. .. 

... f ' 

, .. ;. ·•·~ -•-:-•··-• .. •""•'\.<-•-•':•-:• 11 ., ' .... '-.,,, 

_,,..::; - . / 

,.---...J ..... l 

. . "\: ., . 

• I 

.. 
--.;·.-- ·"-?1···:-· ---------,---c:--- .: . -- . _· . ·_' . . -. . -----

,·_· --



l · 

• • • ~~i'='-------'---'"a-~---··---· -----• ~ 
I -- -- - - - -- -----~ - -- ~~-~~=-- -- -· 

' 

CERTIFICATE OF APPROVAL 

•,...-_") 

Approved and recolll.i.~ended for acceptance as a dissertation 

in partial fulfillment of the requirements for the degree of Master 

of Science. 
-- -.- -.- ··.r:.· c..,:,:::=·,-- ··-'-::=,,-· 

• 

. ' 
I 

(date) 

........ 

.. 
.. 

I 

Accepted 
ate) 

-------· ' --- \ ----- . -··--- . . . . -.. ~ .. 

• 

·' 

, •. f! 

. -- ------· -··----·------·----. ~-··----- .. -

.-

..... 

:;;?,.. ..--~·· 

--· -•_. -· .... "1 

/ 

.. .., 

Professor in Char·ge 

J"" -~-_..:--.---~-~-· ·-: "l""·"--- ~··-

---------·-·---· 

. . . 
- -- --~---.I,-..•. -·.----------.-----~~----.-~:--· -------------------------------------He_al .of Department of 

MetalFgical Engineer.ing 

.,,-'.I' 

- ~-"- ·--· -~------,- --, .0 •·• ····- '----.,---- ---...--~---. -- ~- ' . ----- -- .~- .. --_________ .,: ___ _ 

--..,---'-------cc--,------+-'-·-----'-'----'~-----~----~------'---'--------.--

---. 

. ;.. 

_,. 
' .,.. . ~ 

-------·. ---,-----~--- - ·j' ·------·-----,---'-----------'·----'-------------- ...... ~ ·-

. : ' 

-,-----·-. •""···k·l· ... ~--~ .. :~ 
"fr.·---····-· 

,~,.~ •• '. .. _ ... _., __ ...... ,_,.·..._._ ....... __ ........... ~.·. • ~-~ ·.- --.. ~4 .... ~-----~"'-~-, .___. -_-• .----· - .. ~ 

-·~. 

..;._ . 

·! 

. , .. 
. •· .. ',''' • 

i 

'J .. :.:.c. ....•• -· •.•.• -- , 

I .. 

·--~. 

.. 
. . ., 

----- -- . . - ---- . ·---··:-· 

i" 

.. 

"'· 

• •• - -- -- --· '#- ·-·--·--·- .~. ·---,·-,- -· 

./ 
---~ -- -1--- - •• 

-· 

\:.' 
. 11· ,.r-· 

,.;.~-~.,-·-:····''·'···~·····: .c

" - i-;',' -· .~ 

-.··-·--·---·-·--- -;·• -· 

- - - - ' . .. . .. - - --
",:."~ l.' 

\~ 

.. f.·-· 

------·-......__:.>-.------·--·--· '--·-~-·--·-. ···--~-p-_··:·_-···----···-- -·---- - ·~---;..·--·-"--·-·~-· - - '"._ ~ 

·--· .---~. ___ J~·-- .j __ - ··-·. -·.• ·--··-·-· -.-•· ···-·-----·---· - -·-··· -···· ---·· ··--- ... 
. :;,...J .• 

........----~~-----. - . ···-· ·,,. ___ · .... _ ... .- .......... ·--·-

~- .. :.,,( 

-.· :-·-. 

"r 

I 

.. . 

.. 

'·."f.,. . '· 
· .. ·.--· 

4.JI.-C •• ::::C •.• ,~A- __ .• _ •• --·-~.-•.. _ ---•~--·.!-

,i 

1: 

I 
i' 
l · 
I I 

1-. :I 
1_., '-I 
·1, J 
I :I 

I' 1 I'., I, 
ii ! 

J
t_:_:,_ ... :._'-11!. ·1 • 

(t 
, 'I 
fl 
:!ti' 

1

1_111 ! 

! t,i ill 
·":111 

; I 



-.-

; 

ACKNOWLEDGEMENTS 
.... - . ' ... - . 

The author extends h:i.s sincere appreciation to Dr. Alan W. 

Pense for his technical assistance and guidance throughout the course 

of this investigation. Special thanks are due to Mr. Jesse Muir and 

Mr. James McKerihan for their support of this study and the subse

quent implementation of the findings into production procedures. 

Acknowledgement is made to Bethlehem Steel Corporation for 

payment of the author's tuition. Mr. George Cartwright, Mr. Michael 

.. -- -· ··-

. - -

-~----.-Guerriere, Mr. Joseph FalC:-tjne;- an.a Ml'. Richard Kravits, all employees. · 

.... of Bethlehem Steel Corporation, are commended for their special effort 

in .specimen preparation and production of the fit1al l"'eport. 
_ _:_,___:__.:;_.:.....:.___~-~-----:-------~ 

The author sincerely appreciates the patience and understanding 
. . 

.. 

-. .· extended to ·him by his wife') Ingrid. 

·- --- -..:.__. ··- _________ ___,_ ____ ----- - -- - - - -- -·- -- -

,. 
' 

... ~· ........ 

' . 
- •.. . .:. . -·- "f -

·~- -- ·...:..·: __ -~_: _____ ~,;_~ ··--=---·- -~--- ·--- -~ -- ~--·-··· •····· --
- --- ------- --- ._ - _____ _:__:·---·-~- __;_, ___ -- - ~-
- -~-----:_--:--:---i----L ___ . ---------~-. :·--, ~--·---., 

__ ,., __ 
. . · 1,~ ··--· 

~-~,.._.. ....... ---·· ··-~--------~---- .. ._ __ 

. ' 

_ _. ______ ~ ...... _ '-• ____ .....,, ___ _ 

,,, ......... ' 'H ', • •' >-, ••"' ~ ,: ·,, • ' ~ ' ' 

'-,,' 

· .. -·~.:~ ;'-·':'·'·_. 
'· ...... , . ' ' 

,,· ·1 •. " 

. - ---·--- . 

.. ' ... -·, ";' '· 

• - ·-1_·· :. . . 

- . . 
' . •,, 

:· .. ·: ...• - . 

- --. - - --

,-
• 

·.! 

"), ., - ---- -"t....--·-·----.-e:r-- ·- -... ~· - --- ... -·-··. 
,l ·i 

.. - <. • 

--:~,--· 

. :Cl 

. .... -· . . . . . . 

.,; . 

.. 
• 

~·. 

-.r· . .. -·\ t.,. .... . . -

... ~ 

_,_.,.....:.....!'~..:_:_~.: __ --·-
... ' . .,. 

.. 'I, •• 

" -... .. -- .. 
---

.. •;. ,\" . 

. ,.,, ... ~· 

111, -.· ._ ·--"-~ . . 
• 

. . ._-,.J 
. ' - - ..., 

. 
~ ' 

",!' . . Cl. 

. J" 

. ·,r::· 
•• - 0 .. 

'• 
·~; ' ,4 • ~. 

~-- .· - ~ . ~ 

' ' . 

i. ., • • -- --- :_ ____ --~--
• . • • -- -- -- .- "T-. ' 

- ____ _....,_ ·- ,_·_ ...... 

•, .. - - . --·· :·-:'' ·-··· ..... 
' -~ 

;•>· 

.·, ' .. ,.I ',.,l 

'- -

.:~ 



I . 

.,,.,-, -c • . -

TABLE: OF CONT'ENTS 

Page 

ABSTR_A.CT 
1 

IN rl-,li. OD UC T·ION 
3 

Tl1e Co.mposition and Properties of Carbon Steel Castings 3 

Influence of Deoxidizers 4 

The Effect of Ferrite Grain Size on Mechanical Properties 6 
Carbon, Manganese and Silicon • • • C ,.~: ~ ... .:... ~, .. --

~- .. ' 

·" .' ' . Phosphorous, Sulfur and Other .JRce_srl.duals 

Heat Treatnient for ¥aximum Properties 

EXPERIMENTAL PROCEDURE 

· .. , .... r 

.. 

.13 

\ : .. 

·15 
.. 

Zl ·------=;-•••""'CC• ..... --·• . ' 
' • ,1 ~ 4pproach __ , __ ... -• - ---- - '.. --- .;- ... - - -

- - .-- ---~ ----. - ··- - --------··· ---------- - -· -

21 
.. The Isothe·rm·al Anneal 

. . -

. . --· 
' . ~ . 

. 
' I 

.. 
• 

. : 
- - -- -~- -- --·-- ---'-- ·, ...----------- - ~j ---~-·- ' - • 

..,...'. .. . _-

zz 
------- -

- -----
. -

-- -- ---------- -·· _---.:......:---~ Materials Tested , 
' .. ' . -z3. . . . I . . . I • 

-Mechanical and Microstructur.al Testing 25 
.,-

( - . . . PRESENTATION AND DISCUSSION·OF RESULTS C 26" - . -.. -.-.:. - -.-:--·- .-":-""·-·· . - . 
,., ' 

. ., ...... "- -.-- -- -~-. ·- .. 

• 
--
• 

...... ,.· 
Effect,of "Heat.Trea~ent on Ferrite Grain· Size · 26·.· . ·. · · -.. :, -:-.. " ; •· -. ~ 

. ,:,. '·. 

Effect of. Grain Refinement' .on· Ultimate Tens.ile Str~_~gt~ . t. : -·--------=--------------~-----------;··-_---·----·-,.,.-- . ' . 

. -~- -~. --------

. --~- · .. ~29-~------/ -------'-----"· 
. -- - . . . , 

. ·.: . .\~ -- ~ ---·---~- -·--.-··_. .. ----·····-~~ ~~-_-:. .. ···-··-,.~ I 4 . . 
· .. ".~ . -, · . - -

__,_. ," J' .. '. 

Effect of Grain R'efin:ement -~n Lower.Yield Point. 
- .. 

- · 30 
. · ~ ... :. . •. •------'·-·.::'f--.j-c--. -···. 

~~?"···--

.. , ' 
. I- - . r_-. . • • • 

:Effect of· Qrain Refin_ement on Impact Propertie_s __ -=~=-:-. . . . , , .. :• --·-------·----- .. -------------·----~··:r·-~---·--:--····:-·--, -.. 
' . ------. ----------- ,.,,,.. -·· ··- - ' ~-- .. 

. : . . -· ,---- ·--~·--' - -- - ... - . . C om p ~·r is on -of ' ~ Ke e:l!!-~Bl_o·e-ks.---and---1-2--Indh-C uh e-s --~----~--~- : > -:~ · -. · -· 3f- ___ :_ .. -·~L_--::~~;:---~~::~---~-·: . 
• --· ··- -------

-

' 

' 
• 

••• ·····"-··--::_. __ c_ _____ ....:.....-...... ~~.....:._,----~-·-:--... ....-~~.-·'··-·---···-·-·· - - ,· '. 
• • • 

.. ---- _ .. - ' . . ._ ... ' 

- --- -- ·--· .. - .. ·---~ . -----:--·-.~-------

·_ ~SUMMARY ANO OONQLUSIONS -, .. ,- . . . 

REFERENCES ... 

. ;.. . 
.. -· ..... ··- . _. ,. --- -~--· -·· '• - ' I ,. .. . ' •• 



- . =F. - . -- -- ---- -- • 

LIST OF TABLES 

Table 

I 

2 

Composition and Minimum Properties as Specified by 

Ao S .. T" Mo for Cast Materials 

Value of K in the Petch Relationship ( ~ = (Ji 
Y YP 

3- ·Results of Regression Analysis on 60 C - Mn Heats 

After Pickering and Gladman ·"" 
. . ·-

4 
15 Ft. Lbs. Charpy "V" Notch Transition Te:rnperature 

Page_ 

3 

41 

4Z 

43 
-. . . . , 

. =-------------
for ,Annealed 'vs. Isotherm:al 1'f Annealed "Keel" . . . . .. - . · - ..... ··· . 

----·--·-- - .. 

. _________ ~-- Blocks Treated as an Integral Part of the Casting ---. ---·---:- -·· 

, ·'5 . -· · Properties of cast . 21 C . 70 Mn "Kee111r]~loCkS .- . ; .¥ 

----'---.--------c-. · __ : {,_ _ _._ Properties of Cast . 22 C . 7 4 Mn "Keel" Blocks 

·7 
Properties of Cast. 32C . 60Mn "Keelli BloCks and 

. ····~.__.:..........-,.,- ._ ... 

. • ',,, 1, 1. 1, I 
,· 

12" Cubes 
. ·- -· . ·- --- -:---·--. -- , ' -------~-::,-~-------~·-- ..... - . - - -- -

- 8 , , r , • 

. . .. ' . 
Properties of Cast . 28 C . _91 Mn "Ic.e"el" Blocks · 

·---··-·--·.i..----------·------~ - -----,----·-······ 

. . 

.f 

. . 

I : • 

.. 

53 

_. s-o 

IC" • • . . .. - . . 

•;' 

J • 

. .. -- ·. -- . : .. _· ···--~- _. ' 

_.,,.:..--~-·- - --·----·-
... ,. 7.· • 

. . · 9 · -. _· Proper~jes of Cast . 25 Q I. 36 ;M~ '' K~~l~1 BlocJc_:-::-- --<-. -:-- ~-~a--,----~:=-~-~ -
- .. ··,···· -··--· ·- ---,--. ·-·-------- -- -- - ------- --- ----..- ----------- -· ···---··-~---. -----·- __ . __ .-:.,, ...... _ .... · ... . 

- - -- ·-- - - - - - - -----------:. ·-- --·---··--:--- - .. - - --~-- -----, ---. . 

--,-~_-·. 

i 
. / 

: . 

_-._ .·-·-· .. __ '.". > · -10 -' PrQperties of Cast ', 26 C, I. 16 Mn 12" Cube 
. ~. .. . .., 

1.1 
Properties of .Cast . 26_Q L.Z6Mn,!.'.,Ke.eirr Blocks 

. ..- . . -~-:---~~- .-·. •:·~ ·--·:-;---~"',:··-·-· -.· _____ ...,_________ ', 

.... 1, 

. -~~ . 
. . . · . \.. 

'. _.:..-.. ~:. 

. ·-' ', ... :.. - . 

· .. ,. ' ·._. /) ' 

_:··-=··( - r 
. . - ' ·. ·- · . 
,., . ,, 

V 
. . -

' .· 

. . ·--

. i .... ··"'.". 

. ·----~~ 

! • LJ 

... 

.. ' .. :· ..... 

··i 

. -·-

\ . 

. . . 

:.~-:~' .. 
;- . . 

94 

.~ ,( ....... ,.... ~ .. -- .. ··- . 

I 
··; . 
'I . , 

.. ' . 
~- .-: .. ::-·· .. -~. 



I 

"-.r •. ,.-

( . 

~-!! 

···-···· ~--~~ ~----~ 

- :.i,. .• ,. .f' .. 

LIST OF FIG-UR ES 

Figures 

l Approximate Limits of Nitrogen and Aluminum to 

·2 

,-··:... 

3 

4 

Minimize "Rock Candy" Formation 

Comparison of Ultimate Tensile Strength of Annealed 

and Isothermally ~reated Cast . 50/. 90 Mn "Keel" 

Blocks 

, . 
_Hall-Petch Plot of Carbon-Manganese Cast Steels 

.Yield Point of Ferrite / Pearlite Carbon Manganese 
! 

Cast Steel,13 with . ZO to . 40 'Percent Carbon 

Page 

44 

45 

. ' 
• '>'~.-- • -.c _ _.:..-1.C""-~C. 

~46 

47 

FATT vs. d-\ Corrected for % Pearlite According tci - - 48 
---~-------------·-- -- .. -· - . . . --- - -

__ _____,, ___ ,•M•--•••~·---- -·· ---·,s.·••• ------·-• ------------------·. 

' 

·~' 

j .. --

' 6 . 
' ...._- ' _.; J ,•·_I; • • f - ·. ~ • 

' ' 

•• 

Pickering and Gladman · 

~ 
Mechanical Properties of Cast: 21 C ·~·7Cl.'Mn "Keel" . 

... 
Blocks 

; 

. ·7-·c .--· - · Microstructural Features of Cast . z1·c . 70 Mn '~Keel" 
... 

-, -· · Blocks 
t 

. 
~ 

·.·_· :a-· ... Charpy "V" Notch Pr~:>'perties of . 21·c . 70 Mn "Keel., 
··-

... ,·-"~-···-· ·-·----. ----·=----------. ---.· ---Blocks--After One Isotl1.ermal Anneal 
. ' . . -· . . -,- ------ --------·-

', . . ,_. -
- . - - . -·-- -- ·-- ----- ·- .. --·-···--- - -~ - - . ·- - -· ·--·-- -·· -- -· 

' f' I, 

~-.,-',..,.::9 ·. -T _:~Mechanical_iProperties _of Cast"'. ·2~C . 74¥n "~eel". 
- .- 4 

50 · 
- ·~ 

• I 

. 51, l ' . 

-- -,na · ---~-- ·.... -. - - ·-· ~ 

l • 

'· 

5Z 

f .' 

54 
:: .. ·,-_:..::·:-. -·.-. ,:._:~ ... :~-- ' : . 

---- -- --·----~--------~-. ___________ , __ t.. _-·- .·.----~ '_. -------------_·---------.-------------------~---··--·------
- ' ------------~· -

. -- - ___________ . _ ___:_ _ _::_:· __ .:..: _____________ ~-- ·.--·~: ... - .. _--:_· _____ ------- ~- -----·,----------:~ ______ : ___ ~~-~---:_·----,---------- -··· .. ~------ _____ :._ ~-------'-·-·. _____ , . --.... --.. --__ -· .,.~ -_ .. ----~~- ~:.-.. ·:~-~--.:~~---c---·::·:.:_:_'io ._,-- ·Micros tructur-iii::~F:~ atu:res -of Cas-t~~~---2-z-c-· •. ~14~·M~ ... ,.. .. Kee-lfF~~-:----~- s-s-: --···-. -- -- ,- . 
• _ ~ _.1· __ .... ! • ' " • ' ·., 

-· .. ] . ' ~: . .. 

'· 

. Bloc~s 
f -. ---·.«- ----~--.--------·--· .... 

- ' ·:··- . 

. , . • • r ,.. - • ~ 

·. ' .'. ! . 

_- :.._,_ .. _ .·> ._l>, (, ; • ·. . ...,. - .~-.·- .. · 
. .. 

·Vl. · 
........ - .~ ... ' ·. -1 • . • • .... 

~· 

. ·.I· .. J:" . 

~ . ' -

'. ·:. . ;o.:-: .. 

• I • 

. ... ·~ . r 
- .' 1-· ;, I • 

·- --· -JI 
.. 

··- ········ - GJ_ ·--:. . • ... -.. : ·····---------··----------···:_ ....... ." .. x:·-- .. ~ . . ..r'·, ; . 

.. 
I 

r : I 

• j --

i . p 

I 
11: ,· ., 

1, 

i, 



Figure 

11 

12 

13 

'" 
~-.--,._.,_,.,.,,,.~~ ... - ----- ·=-· ------ .~- ._, . 

14 
& 

15 --- -- -"- -- ,..,. ___ ... ,._-_,.._ ____ -... -r.-.-.~-, - ' -

LIST OF FIGlJRES(cont 1 d) 

Charpy "V" Notch Properties of Cast . 22 C . 74 Mn 

"Keel" Blocks After One Isothermal Anneal 

Mechanical Properties of Cast. 23C . 74Mn "Keel" .. 

Blocks 

Microstructural Features of Cast . 23C . 74Mn "Keel" 

Blocks 

Mechanical Properties of Cast .. 24C . 70Mn "Keel" 

Blocks 

'· 

Page 

56 

57 

58 

' , ; -

.· 59 

' l~ 
. ~--.\ 

• - f' ' --- ' • 

.. 

--•·----.--
. Microstructural Features Of Cast. 24C ,70¥n~'K~e.1!1 _______ _:_60 ---

·--- - -~- ---- - -~- --~- --- - ~ - -~- ... -~- ~---

·. Blocks 

.· 16. ~ . 

Mechanical Properties of Cast . 26 C . 72 ~n "Keel" 
. ' 

· . 6 .. l· -, ! . -
~ . . . ' ~ 

' 

'' ' ' 
Blocks and '12" Cul;>es 

I . . ' ,, 

-·_J 

' . ~-

--~~;, · 17 
Microstructural Features of Cast . 26 c~;-72 Mn "Keel" 

J . ' ' . ' ' .62 _ 
,.,,· 

. ·. -. ·- ~, : -, . .~~ ~ 
Blocks and 12'" Cube 

•'· ,~ · ·· ~ · ··1s· 
- ! .. r . : .. - .. _,, .. ,..,... _.,. . -Mechanic al :Properties of Ca~t; 27 C-:7>7 Mn "Kee11.1 

·-~· f 
t. . .. 

. . . 

. -· - - . - ·-- - -- - --~ . - - . . ··- ·-- ... -'··· -- . ·-~-; 
________ .. ' .. 

. -------.--
-- ------· -------· __ --· __ .... ___________ : . - -- -- . --'--------:~. · __ 

- -- - - - - - - - - . - --- . ' . - --- - ~ ... ----- ~ ----

.... ' . :. ,. . .. J_:JJ.' .. . . .. ~· 

. Microstructural Features of Cast . 27C . 6:7Mn "Kee111 ' • • C > • . ' • • 0 ; • \ . ' 
·1 

' ' 

., 

-- 64 .\ 
I • - '. ,.· . 

- ' 
• ----,-_ - --·'--.- 0 .. ._ ... -, --·-· ... _ _:·.·-·-·:-·-~--------:-·--·-· ··. . . . . 

--- _____ __.. __ ~- ·- -----:-:-_-:-._-;-:-·;:-.::-.~.---:·--·.-:-:.':-:_-:--;:=-.--:- ---:--- - ·--

-- - - - -
. . . 

-·_ - -~---'---~-... ::_ •. - .. -_ ~zo· ~-' _j }4ec hanic a1 Pi-Op~;t:i~;:; <jF"C aai ·;-28-c- := blMn· , i Ke ~ii-, ---~-= '.::.-==~:~65 ..•. ~-·- --;·· :. -......... . -·-· ·-·--·-·· ··--····-·-·-·•···- ...... - . . . . . . . . . . 
. t . 

.. 
-----~--- ---~---

• ' • f 

. "'. 

. . :;.,n_,_. ·, . . 
. ' 

. , .,..: .. ··· 

% 
_, .. ', 

. ... •···· ~·" . 
-- ---

,, ' 

,,"."' . 

.. .. 
. . -

;:'"·~~,-.. __ ·_-.. ~-_ ..... -"..,__ ==---'--- - · .. ,· --.--_.,_--;_---~,......_-· ~~ . ---

Blocks 

' f· 
t 

. r: . . .. 
. ·,. .. • _. l 

.• ~ . ,--1 . /:· :. -' 

. . 0 • 

· Yll . . · 
o·· . 

! .... ' ' .·.. :l· . 

, P----~-------. -" . 

r- . 

c. 

. ! 

. . .: ... ,.• 

··-- ' . 

' . . ' . . ' 

. , ... J -., •. 

" . 
..... 

'···· ..,. 
·'· ...,· 

!, . ,· -. -, 

.... ; _1· .•• 

;_ .. / /·· .,, __ .· .. r -.-
... .•. ,,.&- •. -.,., 

\ . - ' ' 

¢' -. 



Fig11re 

21 

22 

23 

24 

' "-- .. 

·-

LIST OF FIGURES(conttd) 

Micro structural Features of Cast . 28 C . 66 Mn "Keel" 

Bloc Jes 

Mechanical Properties of Cast . 28 C . 66 Mn "Keel" 

Blocks 

Microstructural Features of Cast. 28C . 66Mn "Keel" 

Blocks 

Mechanical Properties of Cast . 28C . 72 Mn "Keel" V • 

0 
Blocks (900 F_. Hold) 

r 

Page 

66 

67 

68 

69 

25 
• " .. .,. .--....... ..,. ... •,<"'<--- .._...,_ ___ _.,..,.,,. - .-:,ca,-.. .... ~ ,. ... .__ /l!'t--;.,,._.__-,_ .. - • D • ~ ••. t• -a '&•• .... - _,- • f 

Microstructural Fractures ·of Cast . 28C . 72 Mn "Keel" .. 3JiL _______ _ 

. " . 

' (;' . 

----· - -· -· --~-

( . . 

-. -z7 

l;' ' 

2·8 
.. 

Blocks (900° F. Hold) 

. -

Charpy "V" Notch Properties of . 28 C . 72 Mn 11 Keel" 
I,_ 

.. . ' 0 -· 

Blocks After One Isothermal Anneal (900 F. Hold) 
.-

Mechanical Properties Of Cast . 29 C . 53 Mn "Keel" 
1 • --

B,l_ocks 
~--

... 

'" Microstructural Features of Cast . 29C . 53Mn "Keel" 
'•·- ~ 

t ____ ....... • ' 
• .. •• '1., ~ '" 

__ • __ ,1_ -· - -- - - -r- -Blocks-, . 

71 

·· ... 72 

. ----· 
) 

. -·--··· ··r ------------,--. 
. -- . ,,_ ------ --:----,---- - ·-----------,v---,---...~ .,. 

• 

29 · ·. Mechanica,l Prbpert1eS of Cast ·.3Qc . 50Mn '12 11 Cubes ,· 74 . 
- C #' -

. ' . -, '\__ "' . 
·---- -- ·:- ··---: ,~-~~--~~--- 30_: Mi9rostructural Features· of Cast·• 30C·; 50 Mn 

c, 
·--- --- -- . . -- ,_ - - - - - --- -- ----~----···-r---~- -··-------~--

. ------- ---- -- ___ .Jo_, ___ ·--::·· ----· -· · -·. · ·1z,, Cube • C • • • , ....... _ • ,.; '··::~=~:~=~-:.- ·[)-~----~-•--=-~--... · .. ,_ .. • . ·-. - -- ···-- ···--···--;,-··- --- -----
. , .. 

, .. -.,~--~··---··-.,- _______ ···-· . __.. -. .. ... - . - ~ - . -- - -- - -- -· - - . 

.31 

. ; ... (! ,1fl1llil'1-'5~ 
. .____ 

I . • • 

/, 
. ..-., _:-. 

- ... I 

.: ~--·-:: .. : . ... 

. . . 0 

. . '~y.' 

r, 

-· 

·-

Mechanic al Properties of Ca.at . 3:Q Q . 54 Mn "Keel" 

··Blocks 

. . .... _ .. .'·-~ . 

; : . ,_,:..,,.,_'·._- _· .. 

. ... ' 

'. · .. ', ' JV'lll , •• ,. !_. : • 

. ~- -----.__;. : 

-- ..• _ . 
. ,0 

-'--··---··----- ---- -- -. , 

. .... ·.·. '·-.· 

-, 

., 
.... 4 . . . . 

'\ ... : 

I .r:: ' .. 
. ;;-

. ·-··-···~· _,- ' .. 

•-, ' ,. ... , 

·- . . ,')".·., ' . ' . 

- .. ·,.-1':.' . 

' . ". ~--
,. ____ _ 

·····:i· ..... 

~- ' 

r··. , -

. . ./. 

- ..... -···-··-·····--·. -.· ·.-.,. "--'-'"" . 

.'J-

.f 
'.; 

. -- . 

~· 

.. 



--

. . . . ·._ ·. ( 

-

-~=--- 4 

Figure 

32 

33 

34 

35 

LIS~ OF FIGURES(cont'd) 

Microstructural Features of Cast . 30 C . 54 Mn II Keel" 

Blocks 

Mechanical Properties of Cast. 30C. 66Mn "Keel" 

Blocks 

Microstructural Features of Cast . 30C . 66 Mn "Keel" 

Blocks 

Mechanical Properties of CaSt.C-Mn "Keel" BloCks 

I · and 12" Cubes 

Page 

77 

78 

79 

81 
I 

' 

~ ....... --.. · ··~·-· -~ . - . - - - -···-, ~--·· "'-----·~-·----·----,------·--·- . 

•• • ___ : •• ·--· ··-··- __;_c •.. -:-3&--- "'··--Micro structural.Fe a.tu:r e 8 Of Gist··: J;frj .. 6 0~ Keel~~------82. ---------- ~ --

Blocks and 12" Cubes 

37-, . -

Charpy "V" Notch Properties of. 32C . 60Mn "Keel"-. - . 83 
- - ~. . -

Block and 12" Cube ,After Orie Isothermal :Anneal 
. ' . 

. ~ . -

.. 
: : " . ' - , . . . 

Mechanical Properties of Cast . '26 C ; 88 Mn "Keel" 84·. 
38 .. 

.i • 

·------- -----::-------:---- -- -- - - ----- - ---- - -- - ----·- ----- -- .. . - ---- -.-
... . . 

Blocks 
f ·:.. 

-·. - . ,,,. .39. . . . . ' 

Micr.oStruch!raJ. · Feat~res of Cast : 26 d-. 88 Mn "Keelir 
. . . . . . . . . . . . . -, -· - -· . - ' . . . 85 .. 

' • • 1 • ; 

,• 

·--- ~-~~-~_.-:_::.:_=-==..::_:_-; ________ .:.~~= --------==-=,a.·---:-·-.::-.~:- _:__::.__-=:.:·_-:-:-:.:_~· : 

---· ---- .. -----: - . . . . . >. . . . ' . 
' I . . 

40 · .· " M:e6hatlical PropE!rtf,es of Ca.sf >28 d . 91 Mn "Keel" 
'. . ·-:- . -') ' • . . _., i - .'- - ' \ ,: : ' • '' • '', ·• -- '... I , • •• _' . ' 

. '··· , ... . . . -

8-7 ·-
. · .. · .. : ·( -.... 

.... _;, . 
•.· "';.;· " 

. "· .. 

. . .,. , 

,- . 

> .: •• 

/ I 

' . J • 

l~--:~. --:' ,~,.;,.,1-''." .. i,•1 "\. 

Blocks.·· 

~· . ; ' . - . ·,. 
i ! . 

"Keel'' Blocks a·nd 12e1 Cubes -. · ·· · 

., . 
"i. :. .1' 

•. - --; . :.·' . ' . ,' ! 

• ' 1'. 

. . . '' ... ~ 

.. -

.. ·, .. ·• , . ' ' \· . ,· .; 
-::.· ........ · 

~ I ~ 
. - . .. , . .. . . 

. ; 
f : • 

..... ·;.. .. , .. ··t 
"'Q.· .. 

1· ' .• 

·-:,., 

I. '1· 

:-p., 

.... .-. . 

·1x. · .. 
. ~~ ·• ~ . 

, - :: 
. ' 

. . 
,,. ,· .. 

,. 

... -.· l'· . 

... 
....... 

.. ·-.. '; ,•,.. . .. ,·. : 
•. • . :i.... . 

. '"·, -
1·" 

. . : . ' ;. :- ~- . 

. ·•_ •r ,. ! • _t·.,·., ... "',;,_ 

t •• ~ .. - • --.---·~ft,./ -. 

:1 . 
. . ; 

'j I I . 

- ,• 

_: .. , ... ' 

,• ', .--,··1· - " .. - . 

' ··-~- "" - . . 

., 

. •. 

'· 

' 

:c \_ -

'·" ,. 
' 

. . :~ :' 

,.- . 

; . 

'"·') 

. .. ~ .... 
- ' -, ,.. 

.-~ 

...; ·.. ' . .: .... -;. __ ~·-.-~. 

- :;• • ': '~-:<. '• ~-?_'.--< ;_,._,.,_..., . 
. .•. 

-. ,, 

. ,.. 

.. .. ',,, ···-- --- . . . . - ...... 



, I 

Fig~re 

42 

43 

44 

' -~-
45 

• 

,. 
·-····--~--- ~---~-···=· - ---·-· ----~---~- ·--

LI~.T OF FIGURES(co11t 1 d}. 

• 

Charpy "V" Notch Prope,rties of . 28 C . 91 Mn IT Keel" 

Blocks After One Isothermal Anneal 

Mechanical Properties of Cast. 25C 1. 36Mn "KeelH 

Blocks 

Page 

89 

91 

Microstructural Features of·Cast. 25C I. 36Mn "Keel" 92 J 

Blocks 

. Charpy "V" Notch Properties of. zs-·c 1. 36-Mri "Keel!'-

Blocks After One Isothermal Treatment 
,• . ' 

• I • .., • 

... ··- ... _ ... -- ..... ,. ,..._,,-, .. ·--·- ... _ ...... .,, .... _..._..,.---...:.~.-,,.--"'-. 

. ' 

. ·-·-.·----·-:~-~~-·---·-~-~r-·-·4·6~M··-"-"""'Mechanical Properties of Cast .·26 C 1. 16 M'n · 12" Cube .. _.,_95 __ - ··-----~-----· 
. -. 

. ·---------. ; 

. '96 .. 

·-Microstructural Features of Cast . Z6C 1. 16 Mn 12" · 
. . . 

.. ' . . 

< ·• - ' \ .. · .. \· . ·_· ... . . . -
: . . . . . 

" ' .. . 

. ·,' ', ... ' 

-Cubes 
·, 

' . . 48 - Charpy "V" ·Notch Prop_er}ties· af ~ 26C 1.16Mn _12" Cub¢ 
:. . . .. ..,. . ... After One Isotherrrtal Annda.1 . .~ .. ·. ' 

·' .. : .. . i ,·' 

49 ·... . Mechanical Properties of Cas·t ; 26 Q 1. 26 Mtl "Keel'' 

... • ,! -· : ,,. .. 

• ' ~1 • • 

. .' 

' . ;-
', ., 



------
' . 

Figure 

52 

53 

---- --- ----- -·- - . _--,·_- -- -

LIST OF FIGURES(cont'd) 

Mechanical Properties of Cast. 30C 1. 20Mn "Keel" 

Blocks 

Microstructural Features of Cast . 30 C 1. 20 Mn II Keel" 

Blocks 

Pag_e 

103 

104 

54 
Charpy 

II 
V" Notch Properties of Cast . 30 C 1. 20 Mn ".::,·. ··-' J 105 

11 
Keel" Blocks After Two Isothermal Treatments 

. ----,,-~---·----~- _55-______ Mechanical Properties of Cast-. 35C . 75-Mn "Keel" 
J' ,' 

·- . .._ ... ' ., ... 

57 

58 .. 

·, 

Blocks .. . .. .. 
_.,,,. 

,- ~ 

Microstructural Features of Cast . 3.5G . 75 Mn II Keel" 

Blocks 

Mechanical Properties of Cast . 52 C . 71 Mn 511 x 5 11 I 
i 

I . I 

x 1011
· Test Blocks 

-~ ----- .... 

Microstructural Features of C ~st . 52C . 7 I Mn 5 1 ' . X 5" 

x 10" 're~t Blocks 

"t;r-------~. --

-~, .. 

.} 
.,._ ..... 

- -· ...... ---~·· .... ... -·.····-·· ·-•--.-·-r--· . -----. -

106 

--- 1l! -

108 

--~-- ---------~-·-~-

. ' 

------~------------------ , ___ _ - - - . --·. --- ·- - ! _____________ ·""'--- --~--- --~ -
. . .. ·r - I - .--- - ••. . - - _.., • . ,.;..:· ..... •. •___...,._..--~- ·---,,. 

. --- ---~ -- -- -.,- - - _. __ ··---·-- .... ·-·----~-

- ... - .. -~-- -·----· ., __ ,_,._ ----··--·------· -_ ----:-- ---
•' , .. ····- -- . ~ 

- -· --- ' ________ . __ : _-·-----~-----· 

1- -

.., .... 
---- --- -

• 

'. '•I .· 

-~---- -

. ' -...... '· ;,. . . ... r. 
·---'--~-~~-~~ 

- ••. J~ -.• --~---,,--
_____ -• -

~ -···:-
.. 

•·.- ·-'- "•···------·-:-·-··- -- --- • - - • .i. ,,.. . - -- ·-·- ---· 

- -- ,-,-----· -.... 

- . 
'• 

---- -- -

___ ....... _____ _ 
---!----·· ---·-:--... • ..~ - ---------- -~_!,.. ____ _ 

... .:::...:....,,_ - ----- ·-------------- . ·--. . ·. r ------~--- --------~----· ··---:.__:~~~.:.:.....::~··~·__:·:.::'_·_-~_·: .::__ ____ ....)_ .. '._ ... --~ .. ------

. ·:-; 

' ..... •.':, . 

. -:'I' 

..... 1 

' ' "t " ·.· 

'',I . 

' . , . 
' .. 

' . 
\ l-~ 

. ..... 

•. 

,.. . 

~-_._ ... _ . -.~ .. 
. . · 

" . 

,I {_·· 
i 

. . 
,Cl 

(: ·, 
•.. 

•· 

\. 

·---'---'--:-;- ·---·-,••,-----····-

•. 

... 
. _: ...... . -r ~ ··:- •• . . 

- . -
. .- . - ----;---

• q • 

.. . 
··-,r;" 

P. . 

. ...... 

',, ·, -, 

1• ',, 

-.. -i.---·• 

.. \, 
,-
, .- ., 

c"·--"c- .. I, . 



--~· -··-

• • -- - -~.!.. ... ·- • .--

' 
. \\\, -

' 
\' -

... . '" ·- . 

' - "\ -- . ,- . :· 
\ ., ' 

. \" -

. I ,' ,,, . 

" ' 

ABS'TRACT 

Tl1.is investigation was a study of the applicability of isothermal 

annealing treatments to heavy section steel castings for the improve-

ment of 1nechanical properties. The study s11ovved that for a wide 
. variety of cast C - Mn steels an isothermal anneal achieved superior 

properties in massive sections without an increase in heat treatment 

time~ The isothermal anneal involved air cooling to 1050 degrees 
.... 

• 

Farenheit for grain refinement and holding at 1100 ·degrees Farenheit 

to avoid embrittlement. The improvement in properties apparently 
. . resulted from a more desirable microstructure. The two maj9r ef-

.• 

fects were that t;lie ferrite grain size was de_creased __ and the- am.ount . 
------:_--, ----- '~-- - -

\ 
. 
of ferrite was increased·. 

' -- . - ., --·· - -- -- --- ----- -

. · .. ~ As a result of· an improved structure s.uperior Charpy "V'' _ 
. . -. 

- . 
, notch properties were produced._ An equation· to predict the ·_50 p~rcent 
fibrous .transition .temperature was developed as follows: • lo 

FA'I'l' (o F.) = 30 .+ 4 (% pearlite) - 15~~\mm -\) --
. A decr_ease in ·the ·amount of pearlite -precipitated and finer ferrite 

'-

-·--------- '•. ----- . . -- --- _____ - . ----·-. -·+ -~ - ----- -.---~~:__----grai11s b~th tend~"d to lowe·r-the·-rractu~e-appearance t·ransition t_emper~ 
,,. ... ---··. 

. . . ' 

• I . ature; The energy absorption was also higher, with ·tlie;tIS.'ftf. lb. __ .. 
., ., •. . , ... ·.I . .. --.:~ .. 

··-. - . ---· -

' 

. 

' 
transition temp~rature' being depres,sed b.y 40 "to -80 d~grees, __ ~a-r-e.nheit-.-~- ~~~~~· ___ _:__~--- -

- . . ' . . "" , ·. ' ~ . . . - ~ __ .. -~ -_~· ' . ·, .: : . . . .;- . ~ ... -
Ferrite grai~ refinen;ient impro'-v:ed the yield s1:re~gth~· .· A~m1ni-

. ' . . - . 
. "r.p.um yield strength of 38, .000 p~i was ·obtained for . 20 to_·. 25 ·percent . 

. 
. . 

. -- . 
. . . . . 

,, . -

___ __:__ _ __,-.· _ _;__ ----·'-·--~- ·-;- -- --- -~---------------------··-····- • .. ~--- --- -- - ~~ . -- - , --=-=~---=--· - --
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-
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ABSTRACT 

This investigation was a study of the applicability of isothermal 

annealing treatments to heavy section steel castings for the improve-

ment of mechanical properties. The study showed t1:"iat for a wide 

' variety of cast C - Mn steels an isothermal anneal achieved superior 
properties in massive sections without an increase in heat treatment 
time. The isothermal anneal involved air cooling to 1050 degrees 
Farenheit for grain refinement and holding at 1100 degrees Farenheit 
to avoid embrittlement. The improvement in properties apparently 
resulted froni a more desirable microstructure . C 

. The two majc;:,r ef-------- ' . fects were that tJl,e ferrite g_r~in size_ w_as. decreased- and the- am:·ount ____ -- _ --" --~-~----"-.,...-·-----
of ferrite was increased. 

,• 

As a result of an improved structure s_uperior C.harpy ''V" 
. . 

notch properties were produced. An eq-uatj.on to predict the. so.· p~rcent 
fibrous transition temperature ·was developed as follows: 

FAT'l' (° F.) = 30 + 4 (% pearlite) ~ 15d-\(mm -~) 

- I 

A decrease in the ·am.ount of pearlite precjpitated and finer ferrite r 

.. 
·-·-··---.-- ·--:----- - -

·-· -- -- . 

grains both tended to lowe"r .the fracture appearanc~ -tra~sition -temper_-
ature. The e~ergy absorption was also higher, -with ·the:"tl5 'fir. lb. · 

l • « . 
: -· transition ·temperature oeing depressed by .40 to 80. d~grees Farenheit.: --- ... 

----- -- -.~-- . . 
--- - . 

- - . .. -· -- •···. ,t,··-- ·-·· ---···-;. ··-· ---·--·· ---·-----·-·----·-~--~----,....;_. .. -

./ I 
I 

~:·~--;-::_:'..;_ -~-~--~~ -. · . -F~r1~ite .grain r_efi.:n.ement imprqved the yield .-stren-gth. A mini- -
. ' 
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' . 

. . .... :.1-~-1 



\ 

. _.,. 
'.·.,·.,., 

.. . 

. . ' ' . . 

carbon steels with . 50 to . 75 percent manganese, while a mm1mum 

yield strength of 41,000 psi occurred for . 25 to . 30 percent carbon 

steels. High manganese (1. 20% to l. 36% manganese) cast steels gave 

yield strengths in excess of 50, 000 psi at the . 25 to . 30 percent carbon 

level. A correlation was found between yield strength and the Petch 

parameter, d-.\. The Hall-Petch relationship for . 50 to . 70 mangan-

. ese steels was: ' . 

.. 
a"yp (psi) = 20, 000 + 2, 500 d-.\ mm-\~ • - ,..' • ~ _·: • --= ... ~ ... ,._. ·.:·, -!.-.-.,-,..<: 

The isothermal anneal was more effective when apl)lied to heavy 

sections than it was with the smaller test sections normally employed, 

The results indicated that the isothermal anneal is a practical method 
I •• 

. . -40 provide superior strength and toughness for large C - Mn steel 
.. 

• I 

. -·- . ·--~ ........ __ -~ ~- .. - -

·----···- _;. ·- castings without a.lo.ss in furnace time. 
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INTRODUCTION 

The Composition and Properties of Carbon Steel Castings 

A large steel casting in the steel foundry industry generally im-

plies a weight in excess of 2:i 000 lbs. and a section thickness ranging 

from a few inches to several feet. The nwnber of alloys used is con-
\ · siderable, but most of the tonnage is produced from C - Mn steels 

with ferrite pearlite microstructures. The minimum properties ac-

ceptable which can be expected for commonly used alloys in the " 

annealed condition are listed in Table ·l. 
/ 

· · Table 1 - Composition and Minimum Properties as Specified by.ASTM 

, · for Cast Steel Materials (Ni - .-so, Cu - • 50, Cr -1-.! 40, 
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of the fol_1ndry metallurgist to n1eet the properties and provide a max-

imum in fracture resistance at a minim.uni cost. Generally, C - Mn 

steels are the cheapest and their possibilities should be exploited be-

fore alloy grades are considered. 

By adjustments of composition, heat treatment and deoxidation 

the properties of carbon steel castings ca~ be maximized. When both 

strength and toughness are required the heat treatm.ent and composi-, 

tion should refine the ferrite grain size. Deoxidation can enhance the 

results 1obtained from variations in analysis and treatme~t. 

Influence of Deoxidizers · __,,, . 

. 

. 

" . 

The de.oxidation practice can have a pronounced effect on the h~at - · · 
. ' ' treated properties of C - Mn steels. However, the primary purpose of. 

any deoxidizer is to eliminate porosity due to gas evolution. 
. .. 

// 
( 

T ,e most 

comm<?n deoxidizers are silicon, manganese and aluminum alt ough ti-
tanium., zirconium.~ selenium, tellurium, calcium, magnesium., sodium., 

· barium, potassium, lithium and the rare earths are all possible choices.· 

.. . . 

;' Silicon and manganeSJ!·-a:r--e· unive·r·s·ally·present -~s deoxidizing·-
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alleviate hot tearingo It is also useful as an alloying element. 

A co1n1non deoxiclizer for large C - Mn steel castings is alumi-

num. Li1,e other deoxidizers its primary purpose is to eliminate 

porosity. Aluminum may also have a pronounced effect on prope.rties. 

In amounts just sufficient to suppress gas evolution, alumintun may 

cause grain boundary Type II sulfides to form. In larger amounts the 

sulfide morphology is changed from Type II to Type III and the ducti-

lity and iinpact resistance are restored. To guarantee Type III sulfides 

Sims 2 demonstrated that aluminum in excess of 0. 02 percent was neces

sary. He also stated that the sulfide morphology proble:r;n is eliminated 

\ · when less than 0. 015 percent sulfur is present. 

Overdoses of aluminum.are qangerous because£:aluminum nitride 
. 

m~y·precipit~te at-prior austenite gr_ain bounda:19ies and cause ";rock 
3 

1 c~dy" fracture. Steck demon·strated that slow cooling rates made 

steel castings more susc~ptible to aluminum nitride precipitation 

(see Figure 1). and-- thus "rock candy" fracture. Since electric furnace 
,. ' 
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.. Alum.inum'1.s also a grain refiner· for C - Mn cast steels in the 

. he~~- i~reated conditiono · Aluminum· concentrations as low as • OZ pe·rcen.t 
'. ~- . . -· .,h~_y-e_ been repo~t,ed tq produce substantial i_;nhibition of the grain growt~ . . . . . 
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in high temperature austenite. Chatterjea and Nijhawan 4 report grain 

0 refine!nent of. 018 percent alur11inwn steel to 1650 F .. At ten1.peratures 

. . . 

..... · 

. 
.. . •· -,· ~ -· -

0 
above 1650 F. grain gro\vth occt1rred at a rate of approximately 2 .. 5 

0 ASTM grain size nrunbers £or each 100 F .. rise in temperatureo In a 

steel with an aluminum concentration of . 03 percent grain growth did 

not occur beyond one half grain size num~~~y;4en heating to 1750° F. . . " . . 

They concluded that the maximum grain growth inhibi~ion occurred be·-, 
.. tween 0. 02 and 0. 05 percent residual aluminum. ~ ~' t 

. ' 

Aluminum has a favorable effect on impact properties when use_d 
in the proper concentrations. 

5'. 
Briggs~ . reported a maximum in impact ', 

propertie-s with aluminum concentrations between 0. 02 and 0. 04 per-
. cent. A. 30 percent C - Mn - Mo steel with an aluminum concentration 
of . 008 percent was reported to have only half the impact ~r~-~s_tance of 

.. 

. . 
the same steel ~ith ~ 03'6 percent aluminum, for the normalized and 
tempered condition. Whether the superior impact resistance was due 
to grain refinem.ent. or some other effect,· of aluminum was not inve·sti-
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ening, solid solution strengthening, or dispersion l1ardening will all 
be accomplished by a reduction in tl1e fracture resistance as long as 
the grain size remains constant. 

.~· 
The fracture resistance of steels is most commonly measured by 

the Charpy "V' 1 notch transition curve, although fracture mechanics 
specimens with carefully controlled cracks are occasionally used. 
When steels are tested at decreasing temperatures, less energy is ab
sorbed in the fracture process. This phenomena is known as the 
ductile - brittle tran:sition and is generally described as the tempera.:. 
ture at which either· a certain fracture appearance is obtained or a 
specific energy level is reached •. 

. . 

· .. ··.:~.- -. ..-~~:--·: ... · . ·_. ..... The fracture·.of Charpy ''V" notch specimens may be divided. int.o 
. .. . ·:· '.::· ~ ·:.·· ·.:/~t:\'.' ·'."<:·:· .· ::'.. ·., .. ·. ·<·> ... : . . .. ·:. ·. . ,•. . . ·. . . '-. .. ··~-·-.;.;·;·, .. 

. . . .. .. - .·_ .. 

. . . . . . . 
'• 

. .,,.. ,;, two stages; crack initiation and crack propagation. Once the crack has 
started energy is· absorbed ~y the formation of new crack surface, and 

. 
. 

by plastic deformation at the crack tip. Failure by brittle fracture im
. plies that there is. low energy absorption ~nd the plastic zone size i~ 

. 

. small. Ductile fracture .. 9ccurs when. large amou~ts of energy are ab-·. 
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·size,. (2) the- friction on. unloc~ed dislocations, ·(3) the strength of the · 
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stress. As a result of tl1is derivation Petch predicted that the transi
tio11 terr1perature sl1ol1lr1 be a linear function of Ind-\ v;here d is the 
fer rite grain diameter in :r1.1.ilin1.eters. With a slight decrease in accu
racy tl1e transition te1nperature should be a linear function of d-~. 
Petch confirmed this linear relationship for alpha iron. 

7 Pickering and Glad.man undertook an investigation· of carbon 
-........ steels in order to confirm or deny the predictions made by Petch. Act

ually they found a closer relationship between transition temperature 
and d-% than with lnd-\ The results of Pickering and Gladman indi-

·' cated a decrease of 4".1 degrees Farenheit for each unit reduction in 
-r.: 

' 
d-%, while the results of Petch on alpha iron indicated a.· stronger rela-. · __ l 

tionship of 7. 2 degrees Farenheit for each unit deci-ease in d-%. 
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. .· .,' ... The same linear l.?lprovement of properties with the square roo~ ~-

J 
' - ' . 

of the. ferrite grain diameter has be~n obse.rved for the lower yield point. 
The yielding of polycrystalline materials depe.nds on two facto.rs, that of 

, - the intrinsic resistanc.e of the lattice to plastic deformation and the add· 
. ~ , · -~ : ..... ".. . .. JtiQnal effect of grain l;)E>undaries·. Ferrite /pear life steels are composed· 
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-- ----- ----·- ----~ ·Because 0£ the.·misalignment, 'plastic deformation cal!!,lOt spread e~sily 
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\. . grains. an4 can ~aise the yield point of ·~h~' ~etal .. · , -
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, 

Petch 8 d(;lrived a relationship for the lower yield pOint bas8d on,_-
-· 

;,},.,. ... ,, .. ,,. dislocation rnode~s. His derivation indicated ·that the yield point ·of ' . 
' 

• I L -- -- -·· .. -. . ' . 

--, .... 
... ••: . .-:....--- .... . ... ,. - .·. 

•. j L 

. .. 
--·· 

- . ..:..~ 

. . . • _7,-;-_ • 

. '.··-·:· - ~,.-.~:: .. ,.~ ... :. • . j . 



; . 
!" 
' f 
! 
L 

' . 

! ' 
~ : . 

,. ' 
I~ . 1·· . 
I - .. 
t 
' . 

; ' . 

single phase poly-crystals should be a linear functio11 of the square 

root of the grain diameter,, Mathematically, 

~ a (J'i + K d -lj lyp y Equation l 

Petch confirmed his results for alpha iron over a relatively narrow 

ra11:ge of grain diameters. 

Morrison 9 checked the work of· Petch for steels containing • 005 

to 0~ 20 percent carbon. He was able to achieve grain sizes of approx-. ·-· ,, . . 

·(. 

- --

-. 

. ~· ~· 

imately Z microns (ASTM 14) and confirmed that the lower yield point · 

was a true linear relationship with d -\over a wide range of values. His 

results also indicated that the amount of carbon had no effect on the 

yield stress oth~r than to aid in grain refinement. Most recent studies 
• 

·. ' ' ' . have confirmed that carbon precipitated as pearlite does not influence 

the yield strength of ferritic pearlitic _steels. 
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10 . Grange applied the results of Petch in a practical way to a wide 

·-·- ... variety of steels. He was able to achieve very fine grain siz.es u~ing~· -. -

either a thermo-mechanical o_r _a strictly the-rmal te·chnique. ·A's--··ex
-·_, .. · pe·cted, ·there was a linear increase in the yield strength w·ith th.e . 

. - . 
l), . 

--:·· --=..:--~c·~~-~---~:~~-,---. -- square ro.of of the fer-rite grain diameter. 
-

He also found ·that isothermal-
-~ • 
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·-·-·--- transfoimation from fine grained austenite caused an increase in the -\ 
,:I_/ 
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-_----_.·.·-· · .--- .. ~-,'·--~ : percentag.e of the ferrite precipita~ed. · The properties Grange achieved . 
" . ··--.. 
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showed that the ultimate· tensile strength remained essentially constant · . . - -
-·. 

· .. _despite changes ~-~~~ pe~:~en.tage of .. pea:rlite in the ~i c:rc,structui-e.· 
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. ,. There has been no rr1ajor deviations frorr1 tl1e Pe_tch relationship 
1 
- -1 (Eqn .. 1) in the literature., alt11ough a cl 8 and d correlation have oc-
9 casionally been Sl1ggested. Morrison 1 s data compared these correla-

tions to the d-\ plot and found the best straight line correlation with the 
d-~relationship even for extremely fine (1. 5 micron) grain sizes. The 
vaiue of the slope {K ) has not been exactly determined but it is in the y 

range of 2000 to 3500 psi per millimeter to the minus one half (some of 
the typical values are shown in Table 2). 

.. 
The value of cri (the yield point of a single crystal) depends on 

such factors as solid solution strengthening, precipitation hardening, 
and interstitial solid solution effects. Therefore, the· value of cri is 
a variable that depends on the alloying elements dissolved in the s~eel. 

· The percentage of pearlit~ has not been found to increase the yield· 
strength unless the increase is accompanied by grain refinement7' 11 

0 
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. 

Carbon, Manganese and Silicon I 

- . . .7'he factors which influence the properties of cast C • Mn steels 

... . .. 

- -------· oMO 0-• - •0 - • • 

. ' ... 

., 

- . -:-
'"-r _, ..•• • ' -

are ferrite grain size, the propc;>rtion of pearlit~ in.the structure, -the 
-- ' ... ~ ----- - - ~ 

. . 
. 

. - • '------·---------------~-~-- __ ;_ -- --- --· . - • <t> 

pearlite spac-in·g, solid solution h~rdening and precipitation effects. --
. 

.. 

- -- ---- -;- -.----- -
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c·omposition and heat treatment are the two-variables .PY .which the 
-- ' __:.., ____ ' •· -- - ..... ' - -~·· .. -

' ,-.. 

,r metallurgist can cpnti;-ol these factors. d 
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. 
' . Carbon (the mos·t inexpensive_ alloying el~met?-t) ha·s a pronounce~ 

r, 

_· e_ffect on pr.operties. When carbon is added to C - Mn cast steels .in 
. 

I 
· · 1arg_e ·sections there is some gra_in refinement reflected· by an i~crease 
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in yield strength, but the major effect of carbon is to increase the per-
centagE of pearlite in the mlcrostr1.1cture. Ho'\vever, increasing the 
percentage of pearlite reduces the fracture resistance and should be em
ployed only when other strengthening mechanisms have been exhausted, 

Silicon is capable of solid solution strengthening and deoxidizing. 
As a deoxidizer silicon has a beneficial effect but in larger amounts it 
is detrimental. For instance, silicon raises the AC 3 temperature. The 
resulting highe·r normalizing temperatures can produce. grain growth if 
the grain refiner becomes ineffective. Silicon additions. can also lead 

.. to a reduction in yield strength. In a . 10 percent car~on, I. 45 percent 
~ · · Mn steel with various silicon additions, Irvine 11 et, al, discovered a __ ~---- --~ ---

loss in yield strength because of ferrite grain 9oarsening. They at-
tributed this effect to th~ ferrite stabilizing tendencies of silicon which 

. could raise the temperature of ferrite formation, thereby increasing the " 

. 12 · ferrite grain size. The Metals Handbook recommends o~ 15 .. to O. 30 
percent silicon combined with • 02 ~o • 05Dpercent alwninum ~or a maxtl!' . ' .. ' . 

' . . 
' Uilum. 1n unp~t resistance. 

J,·'' • . . ~ 
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Manganese increases the yield strength through grain refinement .- - ,...,. ____ --1 

- . . I - , 

1 
__ • _·---~7- ___ -·~~ - .__·.-and solid solution strengthening. 

. .. " - - -· -·. 

13 
Owen investiga'ted the effect of a~ 

-· -~' -- ,--.:. 

• . .. -;-·'-·-·-·-"· ____ .inpr-ease in-·mang·anes~ upon the variables· of the Hall-Petch relationship 
( . Equation. 1 ) . He found· th~t the grtfater yield strength Was due to an ' .. . : . . . . ' ". . " . . -·. . • increase in C,i as well as d -\with very little change in Ky. -

-
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·. The effectiveness o( manganese .in increasing both strength :and · · 
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toughness is reflected in its i11fluence on transition temperature. Rine-
b lt d H · 14 d · . t' t f 

o · a11 arr1s report a ecrease 1n trans1 10n te1npera ure o 
. 0 approx1rr1ately 1. 0 F .. per 0. 01 percent manganese added up to 1. 5 per-

cent. In the above amounts 1 .. 00 percent manganese can lead to banite 
formation but this would not be a problem with heavy section castings. 
In a:mounts above 1. 50 percent, manganese develops a very different 
microstructure. A 2. 00 percent manganese steel was reported by 

-Rinebolt and Harris to have a transition temperature in excess of zoo° F. 
\, In concentrations above •. 75 percent manganese can increase the_; 

depth from the surface to which low temperature transformation ,td 
pear lite occurs. . Manning et.al. 15 report that increasing manganese---~-___ 

~ 

,. 

. --- -,--------- - ---~-----------· 

from 1. 0 perc.ent to 1_. 4 percent will double the depth to which a parti-~· -11·-111 · 
.. . , 

cular fineness of pearlite will form. The general conciusion. reached 
. ',. - by these investigators is- that strength and toughness are best achieved 

> . 
-· in C - Mn steels by decr·easing the carbon and rais_ing the manganese. 

One steel which is known to have a good combination of strength· and 
toughness contains 0.15 - 0. 20 percent carbon an~ 1. 2 - 1. 4 percent 

J 
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• . - - • · - . 
- • - - · • - . - - - -- --- ---: -~ -~- ~-: --f,.;_ Ir : -~·:: -- .. - ---c~ - -- - - from .which the effect of other alloy·s··"·such as titanium, vanadium and . ~ ff 
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. 
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-··-- • --- --- ----------~-------· -,---------------- -------·- ------ - ·---i 

- - ·-- -------~-· ~----·- -··----------~n16151uni are ___ studi ed. ,, 

. _ __:._· 1_.---~~-- --·._-

. ~. - .. . . . 
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. -~~---------·--:, · ··. Pickering·· and Giadin.iii:7--fo\'"e S tiga_t;·J th-~ ~-f f;~t-~- ~f-~ang an~ s e; . 
. . 

. 
.. ' . t 

. silicon, percent pearlite ·ai-idr$rain-siz.e _on the strength and toughness .. 

~ 

; . 
with-·the,results "Shown in Table 3. ~. . . 

. ~ As would' be expected grain refine~ 
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ment tends to increase all t11c properties while greater percentage of 
pearlite is only tJeneficial for tensile strer1gtl1. 

This regression analysis also indicates that manganese is the 
only alloying elen'le11t which \vill increase the tensile properties with-
out producing a decrease in the toughness. 

I 

', ..,, Phosphorous, Sulfur and Other Residuals - . 
The residual elements such as phosphorous, sulfur,· tin, arsenic· 

and antimony strongly affect the fracture toughness of C - Mn cast 
.steels. These elements are all detriinental because they can produce 
grain boundary weakening if they are present in sufficient quantities . 

Sulfur\i,:s harmful in concentrations. above 0. 015 percent prirp.arily 
because Type· II grain boundary sulfides may form .. These inclusions 

- . 
~ 

'---

result in a marked .. decrease in both ductility and impact properties • 
In order to eliminate the prq_blem_ in high sulfur s

1
teels special deoxid~-

) 

- tion proc·edures are used to insure the less harmful Type I or Type.· II 
incl us ions. 

• ••••••• - 4 -

--·------

... 

, 
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_,r J 

/ • ...d 
-.-, - •. • j Phosphorous may act in_~~~~in:~-~o~~-~,;dth __ sulfu~

0 
_toJ>!_~~lJC:_~__p_Qor -_-- ' .. _ • · -- - I ~--~--~-~ __ _ · })r;Per.tf;s·-i~pl;i-~ ~~;~on cast steels. Midke1Son16 -foUnd-·that the -- - •· - _ _;__ ·:-- · 11 
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transition t·emperature decreased. by about 5 to· 10<? F. £or each. 01-:·:-~~-:~~ · ·_· .. -- f 
' 
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__ ~- · percent of eithel' Phosphorous or sulfur. HEl dem()1;1:~trated that the _:__ -C'..---~-;___ J ' . 
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transition temperature of • 35 C . 8.5 Mn steel varied directly with .the lt 
total phosph~rous. an_d sulfu,r-content. 
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£ides influences the energy levels more tl1an the transition temperatures. 
Phosphorous also lowered t1Je energy level but was capable of lo"\vering 

.a.ce transition when an embrittling heat treatment 
was employed. 

The role of the residual elements is particularly critical because 
antimony, phosphorous, tin and arsenic can result in temper brittleness 
of cast steels with ferrite pearlite microstructures. Woodfine 18 found 

-, -- - " that embrittlement of pearlite at 500_° C. ( 932° F.-) for 32 hour·s raised -~-

the.transitio.n temperature by 51 degrees. The sanie embrittling pro-
• cedure for banitic and martensitic microstructure resulted in approxi
mately the same transition temper~ture of between +121 and +162 de._grees -___c.-.---· 

· '---c-·'."' ---~---- --:-_-Centigrade ( 25Q0 - 323° F.) . ' 
. 

. ~ ' . 

. , ,L 

: At present the embrittlem·ent model which ·most closely accounts _ • . 
... 

t . ' 

for various observations is grain boundary precipitation. During aus-. 
. . 

. t'enitization the e~b:r_ittli-ng ele~ents/segregate to the austenite grain 
b~u!ldai:ies and r~main there during quenching. Above the embrittling ~. . I 

\ '", . 
. 

. 
. ' 

range antimony, phosph.,orous, tin and·: arsenic ~re "boiled off" the bound-:· .. . :· ·:· • ; •

1 

!: . . . . . l 19 . ' ' . . ' . ' ; _________ :.. . -----"'-··-' -· 
. _,..~~~~ 4ries: and driv·en back into __ ·s_olution •.... .-... : .. -!~----- ---·· -~----,--- -c---·--_--------~----' __ -------:-- · 
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• 2 6 C , . 6 6 M t1 , 3. 5 3 Ni , .. 8 4 C r a r1 cl . 0 2 6 pl1 o s p 11 or o us steel and found 

the sa1T1e 11 C 11 c11r\'C l)el1avio:· ,,vii}1 maxirntlrn, e1nbrittlement occt1rring 
'} ..-. 

at 5 2 0 ° C . ( 9 7 0 ° 1~ . ) . \T 1 cl a 1 G 
5 f c, ll ri cl that 5 2 5 ° C . { 9 8 0 ° F. ) prod uc e d 

a maxin1.u1n amount of embrittlement in a . 25 C, 1. 38 Cr, . 044 phos-

phorous steel. 

The embrittlement problem becomes more severe as the mangan-. 
. . . d 24 ' 25 If h. h 1 

ese concentration 1s increase . 1g manganese stee s are to 
be used without molybder1r.rm then special precautions must be taken to 

heat· treat around embrittlement. Fortunately, the embrittlement range 
is. now· cliearly delineated as being a.pproximately 1050° F. for holding ' 

., 

• 

,. 
1 
I 

times of about an hour a~d 10\)0° F. for times of about 10 hours·. tr£ . r • 
- - . - - .~. -- . 

high manganese steels with ferrite pearlite structures are. held at about 
1100° F. then a minimum. amount of _embrittlement might b-e expected.- · 

0 . '' The time high manganese steels· are allowed to ~emain between 950 F. 
·and 1050° F. sl_iould be kept to a miri.imum in order to prevent prior . . .. . 

"t austenite grain boundary deco~esion. 
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deoxidation practice and heat treatment.- . The highest ·toughness value.a . 
. '· .. .. _ ... :.' __ /.-· .. for Sman Pieces are ad11eved by wa,ter · quenching followed by an 1100° 

· · · - 1150 o· Farenheit temper: Homogenization austenitization.1 fuJ;'naC::e · 
~c.ooling-,. air cooling, temp·e;t°ing and stress relieving· ar~ _the most· coin- . . . 

monly employ~d te9hniques fo:r large plain ca.rbon steel c·as~ings. 
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Once the ''green" casting is received t}1e first step in treatment is 

to recrystallize the structure in order to eliminate the dendritic segre= 

gation which occur~ed duru1g aolidificationa Because faster heating 

rates result 'in a superior fracture toughnea s 9 all other thing a being 
26 

equ~l, heating to the austenitization temperature should be accomp-

lished as quickly as possible. However, large castings cannot be 

·heated at very ~igh rates (400°F /hr) because extreme temperature grad
ients can occur·. . A practical heating rate for large plain carbon steel 
castings is two.hundred degrees Farenheit per hour. Preheating to 

1200 deg~ees Farenheit, equalizing and then hea:ting at 400 degrees Faren-• \ 

heit/hr. to'the austenitization temperature, is also a feasible metho9. ~ ' ' 

. . · carbides are in solution. Austenitization als·o helps to eliminate den-

dritic segregation. - This can only ~e achieved with thorough soaking at 
• as high a temperature as the grain refiner will allow • For large ._20 

.j' 
1 ' 

---·-- -- - ... 
; ' . -

._··_.:···-,."toughness or tensile p~operties. In a study of • 30. carbon, • 83 mangan- .· . 
. _ ... ,., _• .. . -

. _.· ese.-plain carbon steel a ·1550 degree Farenheit treatment for 15 -minutes ,. 
r·esulted in the s.am~ pr-operties as .1~50 degree Fa.renheit for two hou~s . -· ' . 

, . . 
. 

(or the normalized condition with 11·1 sections.·. Despite Brigg~' findings 
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moat four1ciries ho1nogenize for at least one hour per inch for large cast 

sectior1s. 

J\.ir cooling is generally recognized to produce finer ferrite grains, 

superior "breaking up'r of clendritic segregation, and lower temperature 

transformation products. The normalize and temper treatment used by 

most foundries involves air cooling to room temperature with subsequent 

tempering. Because large plain carbon steel casting contain insufficient 

alloy to harden to banite or martensite the additional coding below 1000 

degrees Farenheit does not appear to have any purpose. Theoretical 

considerations of pearlife growth28 confirmed by the experimental evi-
~ · 29 · , dence of Pelli~i~er et. al. :; indicate that .the interlamellar spacing of 

the pearlite is essentially- constant provide~ the temp_erature of tra~S~· 
• i.' • . formation is lower than 1150 deg:19ees Farenheit .. 

I. 

: ·' 
These observations ·may be used when heat treating Lfo~ ~ax~um 

properties with large, C ... ·.Mn steel ,pastings. · Since pear lite is. the struc"!9 . . 

. . 
.. ture which will b~ forin~_diwi~~·-~ir ~~enching of ma$sive. plain carbon· 
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' . JI" . - ·.---...!--~-·-· --·· sible pearlite · spacing onit?when it:is~ cooled below 1150 degre_es Far~nheit. . • . . .:· ., . •· ·, .· r. . . -· . ,, . ·. . . . . ·::,·,· . : ; .: '. :.· . . . : .. · . . . . .. i . . If surfac~ tempe~ature·m~asu-~ements ar·~ us.ed,· allowanc·es r.nu:st bEr·-· -------- ·-··· · ---~·.-.-. . . . . ----·' 

' . . _, ~- ~ . • ' : : • • • ' : ' ~ ' . I • . - . • ' ~ade for higher temperatu-res ·'at.the ·mid-thickness. Combining these·. ~-· .,,;r"' 
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observations_,· air cooling ·;to ·100,0 t~ 1050 degrees Farenheit appears to 
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be a sound approach to'\vard achieving rnaximurn properties with large 

C - Mn steel castings. 

Since plair1-carbon steel castings are subject to temper embrittle-

ment this problem should be minin-iized during heat treatment, parti-

cularly for castings with high manganese concentrations. Maximum 

embrittlement occurs at about 1000 degrees Farenheit for tempering 

times of 10 hours. De-embrittling at 1100 to 1150 degrees Farenheit tends 

to "boil" the embrittling elements away from the prior austenite grain 

boundaries .. 
.. 

• · Once a fine pearlite spacing h-as been achie.ved. with air· cooling to . 
- •_,. .~.. .. _, 

' / . - . 

_ 
1 1000 - 1050 degref.:S Farenheit, c~r~ must be taken to minimize thEf ef-

r . '. ., . . . 

· .. :._ .. ·. _ : . .< .::. £ects-<._.of .temper e~brittlein.ent whElrever pos.sible. Holding at_ 1100 

. - ' 

... ~ .. . ·_.::_:'":·::·~.·-'.~--;~:~/.:.:'><··:(\\,'.i:·.' :>':::_._· .:·::- .. · .. ,:_.. ' 
' · ... ,' . . . degrees Farenh~it should not only ~voidiembrittlement, but should also. 

.. . 

·allow the embrittling elements, such as arsenic, phosphorous~ tin and 

. 
- - ~ -.--: ' 

antimony, to diffuse away from ·the·. prior austenite grain b~undarie·s •. If -· t ' -'1,,, 

• ' 
• r.. • ..-the steel _i.s tempe~e-d for a sufficiently long time, the embrittling ele- · . . ! " 

. l. --~-~-~---- ·--~·merfts·:\vill be' far -~!l.9_~g)1 from:the gratn·.boundaries to.minimize the risk - ·~ 
; 

t . 

• ~ ~ 4 • . , • . 

. . 

..... -----------·-· ·-----~~f_:r·e-embi-itfl:.e~e-n-twheri coolin-g to r~o~ te:rnperat~re •. ·An 1100 de.gre~. 
--------···--· - ·.---, 

\ . ' ,t::; 

•· 
·1 . 

----. ·-'. ---· ... -. :fare~iih~it hold .'should a-lso pr·pvide .for ~he relief of .any stresses which . 
. . . . . ' ' 

.~: . , 
. '· 

,· ,· 
... -,.-· ___ .. __ --+------'---- . ~ight have acc~ulated 4uritlg ai:r' cifocliiig from the austenitizing temp.; ' ,, . ., .·· . , 

, . ' J 
• . , ···----·-···-··· "-··· n ~--" , ... -.. -:_1-~---·-·-- _,,. * . ' . . , 
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. . i ' . ' • . ~ \ . Aft~r temperririg, the casting' riiUst,p~ JjrOughi_to room temperature;., ·.· 

• . ·. Water quenching from 1100 'degrees Fal."enh~it\~~ulc;l be the most desi~-
· c.i;b1e ~!ed,ure from a metallurgical stantpoint. .. . ' ~ . ~ 
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even air cooling from the ternpering te1nperature will result in residual 

stresses. These stresses are caused by thermal gradients during cool

ing and have been described n1.atl1ematically by Hard\vick 30 for ferrite 

steel as 

6T 
d'max = 

8 Equation 2 

where ifmax is the maximum residual stress and.6 T is the thermal 

gradient experienced by the casting. Since large steel castings usually 

have complex shapes, a furnace cool from 1100 degrees Farenheit would 

??-Ormally be necessary, although air cooling might be used for simple 
-t,. 

shapes in order to save furnace time. 
{ 

. .,.. " 

Double normalizing is often suggested as a way to grain refine . . 

· · 31 ~ .... <· _.-:.:. ::. \·.' .. :.:. :·>< :_·· .. ;:~plain· .. c~rbon\cast··.ste.els. ·-~ Fo~. a· .·30 carbon, . I. 5 0 manganese ~t~el. Sims : : ' . . :·..,.- .. . . . ' . - ::• . ' . -~ : . 
. 

-

suggested a he·at treatm.ent involving a high temperature normalize with .. '' 

_ --~ ~-econd normalize at about 50 degrees Farenheit abo.ve the AC 
3 temp

.. -----·~ -·------. --·- . e_ratu.re.·" H..is st~el did. not h·ave an a9tive grain.- refiner and was subject 

~ ' 
... 

• L • ;. 

-1 ~ .- . 

\ to g~ain_gr9.wth even at 1550 degrees· Farenheit for two hours. Ther.efore 
-

0 

-L -----·-• -• ----~~~-~~~~.:,, ___ ," __ ::_· ..... ~-----~d-c:,uble treatments for g~ain.-:ii.iz.e,-:_c_ciritrol was··absolutely necess·ary to ~-. 
,-. 

-,- ,.-- ·-, .... .. · ~~eve maxim.um proper~ies. 
'-

,- ., . --- .. - ___.:.-

I .. 
I 

- ---·- . .. . r 

---- ·--L---.--- _ .. -· - ·- - . ___ , ____ -- ·- - - ... 
.... --------~· .--"-'- _t_. ~----·------"c---~---No·t- all ~-rivestigators-ha;~-fo~nd an impro~ement w~th 4oublet~eat-. 

. ~ 

. cc-. .'.. • ,· . 2 7-·~,.. ., · . . . -·-··--------·- ,,_._. _________ .. _.... ·'. ___ ... ,, __ . _ __: _____ ~---.. -----: __ .~ ... -- -·-----· .. ------~-----·'-..... '~ .... ~,--, -fll-e·nt-s-.----~riggs-----:_~·fourrd ·that a·ouble--n:orm~lizing did ·not result in grain. 
.•.•. 4. 

. ' 
' 

. 

' ·i . -':· refineme'nt or any impr9vem·ent .in·,prdperti~s' for 1,i.:aJn carbC?~ st·eels . •' .; 
r . 

·~ 

,t·, 
,, 

. . ~ • .,.---with active grain refiners and suggested that single 11ormaliiing was . 
~ 

. . 

' , just as effective as double normalizing for both one and three inch sec-
.... ' . 

-
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tions. The general .conqlusion is ·that most ~£ the improvement attainable 
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by air CO<)ling of steels \Vit:11 active grain refiners is achieved during 

the first cycle and n111ltiplc treatrT1en ts are of lirnited value. 

T' 11 e s i z e of t 11 i c 1<.: s e cf ion .s tee 1 c as tings al s o has an effect on pro -

perties. Increasing t}1e casting thiclcness results in a decreased cooling 

rate regardless of the cooling medium. Briggs 27 
found a 5 to 10 percent 

decrease in the tensile values for large sections, which he attributed to 

high temperature transformation products. Ductility was found to de

crease not more than 5 to 10 percent unless micro-shrinkage was present •. 

In these cases ductility valu~s might be decreased as much·as 90 percent. 

With large sections finer ferrite grain sizes are more difficult to 

achieve. One of the major purposes .of this program. is to demonstrate ·, 

. 
' ~-po~ fine g!ain.-slzes may be attained economically for plain carbon steels 

··with heavy walls. With a practical method of grain refining la·rge ·steel 

castings, the foundry metallurgist is in a position to make the most of 

plain carbon.steels. The major.benefit of ferrite grain refinement is 

a combination of high tensile and toughness values .. Even fo~ ca~t~ng, 

-·-·-·· .-•···-

'----- .. ~~~ 
. ·Whic_b._·g.9_n_pt__r_e_quire.:Jh1s superior· toughness and strength, - it- ~lways--fs . . ,. 

_ __:__,,.......:..--,...;:---'---
. . d 

. 
." I beneficial for any foundry to provide the m·axi:rp.um posslble pro:pertie.s, --·· ' . ,: . 

. . ;,:.--- ·~:; ;·_,..._.,. -- -·'- - . _,,- -- . . .. '-·-· ·.•·. . 

. \ ___ es-pecially--if--they ~-ay be: achieved· with.liittle or no increase _in.cost. ,_ •. 
-

I 
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EXPERIMENTAL PRO·CEDURE 

Approach 

This experiment was designed to compare current commercial 

practice to isothermal annealing. Air cooling to 1050 degrees Faren

heit was expected to refine the ferrite grain size and reduce the pearlite 

spacing, resulting in increased yield and ultimate tensile strengths. An 

1100 degree Farenheit hold should relieve cooling stresses and mini-

~ize the danger of temper ·embrittlement. Therefore, an isothermal 

annealing cycle might be expected to improve both the strength and 
l 
I 

toughness simultaneou-sly. --"""--

The effects of air cooling cycles and successive recrystallization 
/ - I •. · 

, 

... ·~-. ~ -- -·,;~ ,_ ·-

• I 

. . .- -~.-•~---~ __ in-the properties of larg_e~C--~-cc-Mp. steel cas~ings was investigated. 

emphasis was placed on carbon c-oncentrations betwe-en • ZO and·. 30 

The , .. -~: ~--- '-~:-~-.:. __ ~ --:- :: : .. ·. · -

i . 

. . percent and manganese concentrations between • 50 and ... 90-i)ercent. -
.. -~-------

-.J ·-·-

One special group of· castings with. 25/~ 30 carbon and 1. Z0/1. 36 man .. .... •· 

ganese was also s,,tudied to see if superior impact properties as well as . ..,, 
-------- ---·r·-- . • ••• ,,,·+~.-,-o -------...., ~,....,_ -·-·-r•o . ..-"-r.<--..__...,_•~·---

_·--· -·-·· ~-----·--··· 

strength might be achieved through ·special handling of this steei. '""~ . . A 
i" ' 

' " . 

. ' 
• I 

'_few castin,gs with. l1igher c~rbon concentrations were ~lso inclu~ed in . .. . ' -- -----~-- .- __ . -- ·-·-·--~-- ----··- --·----·-·----." . - . 

· .. · _order ~.o ~xten~ the low carbon results to these grades. ,, ' , . r • - ... -~ ' - - - : ·- ':" ·'· _. -:-. . _ -' -"· •-;-·.,.,~ W L"-••' 

··-···- ----------- ·---···- ·,:,--·---·-·--·-- .... - ------- ---·-··--·--·---'--------.-~- ------·-· . - -- - - -- - - -·--·---···-- ·- -. -- . - - . - -- . . . - - - -- ------·--·--. ~~~ 

.. •,., 
. . 

The testing procedure can-be di;ided into two steps. Firs-t, _a· 
. . . 

~ ~ . .. ' - . - .. · . --- ... • u-····-t~~ ·- • .· . _ _:~~ .. : ... ~-~-~~---~--·· .. --.·-----· .. __ ._: .. -_ ---. . . . 

.-"keelt' bl6-9k inv·estigation was pe·rformed and the physicai:.-pr-operties .. · ---!-·-- ,~> ' . ' -

.. -:.·.c.:->·_ 
. 'I- ·an~t microstructural features· compared to standard annealing, proced-

.. .. -· 

.- ures •. A "ke_el" 1;,lock is a stari_dard t.~st used by· most fo~ndries to mea~ 
......... ,.. 

• ·• •• .1·,.. -· - ••• . .~ ,.,,. ' ... · ....... _ ... - ,_ ... ' 
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sure the physical properties of a cast structure and is defined by 

The American Soc~iety of Testing Materials as a cast test bar at least 

33 5 inc 11 e s 1 on g , 1- l / 4 inc 11 es th i c ]~ and 3 - 1 / 4 i ncl1 e s high. All 1 r keel 11 

bloclc tE:~st coupons used in this study were attached as an integral part 

of various production castings. 

Three types of "keel'' blocks were tested; as cast, annealed, and 

isothermally annealed. Those castings which were annealed were com

pared to isothermally treated "keel" blocks. The effect of successive 

.recrystallizations, with isothermal holding, was also studied. 

Testing of cast.12 inch cubes comprised step two. A test mould 
• 

·. was prepared which measured-12 inches. by 12 inches at the bottom and 

was poured 24 to 36 inches high. The tests taken from these castings 

were expected to simulate the properties to "~eel" block tests wherever 

p'ossible. The 12" cubes were tested in the annealed and isothermally 

treated condition • . ...r . ':":'...". 

The Isothermal Anneal-- . 
-------- ---·---- ------ ··--· -----·---·,. - - - -- ... -- --~~--- - ~ - -

--- ---------· ~----~---.-·--·- ~-------· 

. The term "isothermal anneal", when applied to steel, · i~ u·sed to 

.. 

" . 

·-. - -"· -· 

, . . 

i 

I 
j' I 
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11 

i: iJ 

. _:_ _ _:_~;..._:;:_. . ·. f . -- -- - - -"·· - -- describe a cycle of heating, cooling and holding at some specific temp- - ---_--.. -~ .. --t-
~- ---__ . _-------· -----. - - -· --···· ·_ -- .--- - - - . - ·-· - -- ·- . ·- - - . .. . . 

-, t • It ; 

, ~_';_( 

~ . - . -
n erature •. -In this study the term nisothe·rmal anneal" means !~~_! __ au~!-~~~-- r -- ---- -- - ~------- - . --- - . --- _ .... - - --- - - --

- '.. ..,~ . .. - . :\''•··- .. ~.. . .. 
-- - --- -- - - --- -- -- - --- ---- -- -----~---··------·-:... .. - -

. . . 
• ·•·•·•·•·--•·-·•-- ,··-:--.------~- ---- • ---~---••- ·- -~ ' -

I ' ' itization, air__,cooHng,. and holding at 1100 degrees Farenheit._- ~e_c_c _____ ~:--~---. J 
., ... - - . .. . . ·-·. -·· -· . . ' . ' . , 

j:_,..·,"-.::·. 

-·· -- -- ··- ' .. ····-·· ,··• --- .,_ 

J 

- .. .. .•. - ·-- ·-· ~··· ·- .. .... .. --

....... . 
. :;-:i-

- ... L. .-... } . O · . . . . . · 0 . · I. · He~t 200 F. · p·er hour ·to 1675 ." F. . . \ 
. , ...,,·1 

' I') . 

II. 
0 ·. ' '""· ., . . · .. ' . .·· .. ' . : .. · .. : . ,_,··· .... Ho.ld 1675 .. F.,, one hour per inch .(eight :h:0.11,rs· minimum) .. 

. . 
,r~ 

· .22 
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/ . ., "'' ......... 

. . -~ - . ' .-J • -
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0 III. F .. ernove from furnace a11d air cool to 1050 F. 

0 IV. Replace in furnace and hold at 1100 F., one hour per 

inch 

V. Furnace cool to 300° F. 

A notation was de ... veloped to describe how Jrnc¥hyi :isdthe.rmal anneals 
had taken place on a particular test piece. !so 1 iindicates that the 
piece had one isothermal anneal. Similarly, !so 2 means that the piece 
had been isothermally treated twice. !so 8 would mean that the test 
-piece had been austenitized, air cooled and helcl at 1100 degrees Faren-· 
heit eight separate· times. 

The cooling rate on the air cool varied depending on the size of 
. ~the produ_c.tion castings. to which the tests were attached. The "norm.al" . -

time, for about 80o/o of the tests, was between three and four hours. The· 

• 

'V •< 

I' 

.. -

·-
; _ .. _ 

' • t,: 

' . minim.um time was two hours while the maximum. time was six hours. 
·These variations i.n cooling rate. had.no apparent effect on eith~r the pro
perties or the mic:rostructure and hence the time for cooling_ from 1675 · 

. 1 ~ .. 
------ - . --- . . 

0 de gr e e_s Far enhei-t--w-a-s---n-et-r-ec-o rd ed. 
-~.,..._..;;.....~.,;....,.....:_-___;.._......-, 

-------- -~- -------- -

-... . --·-- ---------------==- -

--- - ---

• • !:' _ ______. --,.-,.-

......-------·----. ------ · .. ·--_..--.--·-- ;--.. - ·---- --- -- -- -·---~-----.·--:--
' - ~ - .11.. - ---~ -- -----------. 

' 
_ .. 1 __ ------ - - ------- -------- -------- ~~- ·------------------ --- ---··--- ------:,..---~----

. 
. 

. 
A series. of plain· carbon. steels containing. carbon contents up_ ~o .. __ . _ ~:CC-~;~::,_.,--,-

" . ~ -

Q, • 
- -- - :-- -- ·1 -- ---- --:------- -:. s·z percent were tested, the analyses being given in Table 4~, -. The 

... - ... - .. . 

,. 
. ' - __ ....... __ .. _____ ........ ..--.~- - ·- . . .. 

\'.._ . 

,·-.-::·,-,-:~--~~=-~:;"'::>-.' ·steels break _down .into classe~· of ;carbon _and,manganese conc-entrlation 
. 

. · ... and correspond .roughly 'to figures· that corild prob.ably be, relied· upon 1n ' 
. 

. . a productiqn sitti.~tion·. The" first two g.~oups are typical .of the 

• 1 • .-. -23 ...... 
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currently being JJroclucecl to meet Ao So T., Mo specificatior1s. Grot.1p I 

contained . 20 to .. 25 percent carbon vvit11 .. 50 to ., 75 percent manganese .. 

Grou_p Il 11ad the same 1nanganes e limits as Group I but contained • 25 

to . 30 percent\carbon. 

Two semi-ex:r:1erimental higher manganese groups were also used. 

The first was a modification of A. S. T. M. A27-65 • 65/35, which norm

ally contains. 25/. 30 percent carbon and. 65/. 70 percent manganese. 

For this group the carbon was lowered to • 23 to • 28 percent and the 

manganese was raised to • 85 to • 95 percent. The other high manganese 

group was designed to prod~ce a maximum in strength and toughness. 

In this case the carbon concentration was held at • 25 to_. 30 percent 

while the manganese varied from 1. 20 to 1 •. 36 percent. Three high car-

.. bon steels were also tested. Two of these contained • 30 to • 35 percent 

earbon while the other had a c~rbo~ conce.ntration of • 52 ·perce-nt. 

All steels we.re melted in basic electric fu~naoE:s of·§S ton capa
,,/ 

city with the exception of heat numbers 703Z019, 703Y020 and 70·3Y02I 
-· -~--· ------·---~-~--:---wllich were _produced· __ in an· ~nduction furnac,e of 600 po~nd -capacity._ A 

double _slag melting procedure was used on all electric furna~e heats 
' .. 

-- - ---- ---: ----'--·~~---·-~-~-----·-with ·a stai:ldard ·oxidizing and .th-en reducing slag. Deoxidization was 
-···-. ---------- ____________ -r---..... ·.:. - : _____ . a9Gomplish~d--with tw.o pounds :-of-al-ii:minuin.· p-er~ton,. except for· the an-.·. 

, ' 

" 

• 

• 

------------ ---

. -.. _ ... ___ .. ·;. -- . --· _.-

• ·-" ,.,.L " 0 

. .·· ·• -nealed steels. cited in. Table· 6 whieh-were--deoxidiz:e·d: with .one· and ont_c.:-----~-----,--. -- ---~------·· -' , ,, •' _ ,; ~ ••~•r,'•n•~ -•• 
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- i' •.. ----half pounds· of aluminum per ton. of molten· steel. 
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Mechanical and Microstructural Testing 

Room terr1peratu.re tensile properties were determined using a 

standard l\.o S<J To Me • 505 incl1 d~ameter tensile 1Jar machined from the 

11 keel 11 blocks and tested using standard A. S,. T~ Mo procedures. Charpy 

"V" notch transition temperature curves were also determined with 

standard size Charpy bars and uniform temperature control before 

testing. 

In the case of the 12 inch cube investigation all tensile and Charpy 

bars were taken away £tom the cooling surface. The outer 2 inches of 
" ' the cube were not used: nor was the innermost 2 it).ches for fear of segre-

~ation and porosity. 
... 

The microstructural features were de?eJ.'fniiliediby cutting samples ~-· -
-from- the broken tensile bars. The threaded portion was cut off, polish-

ed 4nd etched in nital for 15 sec.ands to provide clear delineation of the 

· ferrite grain beundaries. 

The ferrite· grain size was. determined using t:P,e Jeffrie$ circle 

. . :: ""!' 
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PRESENTATION AND DISCUSSION OF RESULTS 

Effect of Heat Treatment on Ferrite ·Grain Size 

Even standard annealing procedures can produce substantial gra~in 
refinement if coarsening during auste11itizatiop. is not a problem.. The 
isothermal anneal and standard annealing are the same up to the point 

' ' where cooling from the austenitizing temperature begins. Therefore, 
the austenite grain size is the same for either cycle, at least during 

_ the first recrystallization. 

. 
. . Results showing the~ effec~ of heat tr.eatment on ferrite grairi size • 

-

' . -•-- " 

are found in Figures 7, 10, -1-3, _15, 17, .1_9, z1,· 23, ZS, Z8, 3-0., -32, 341 
: ;. : -·' .. -36, 39, 41, 44, 47, 5.0, ---53, 56 and 58. The .. A. S. T. M. ferrite. grain 

·size of the "keel" blocks tested in the·" as cast'J. condition was between 
.. Z. 0 and 3. 5. Standard annealing procedures refined the ferrite to A. S. 

T. M. 6. 5- to 7. 0, while the first isothermal anneal resulted in a ferrite- -
grain size qf 7 ~ 5 to 9. 0,.. For manganese concentrations ·between • 50 · a~d 
• 75 percent, the • 20 to . 30 percent.carbon cast steels produced ferlrite ' ' 

' , .. . -- - -----~----=------ - -
' . -= ~----~grain sizes betw~en 7.5-_ and 8. O with the· first isothermal treatme.nt. -

' . 
. -- - --

• 

... 

,.. . 

~- ' ~ ·-·-----
.- -, 

"": 
. --.~- ,---- ~--. - --· __ ...... Figu14·es 39, 41, 44, 47, ·50 .arid 53 show- the s~bstantial grain re""_, __ ~-----_: ______ .- __ , ,- ---·-·· - - ·-- ~---·--- - . ' . 

' .. 

. - '' - . . f-. ---

finement achieved. with ca'st ~steel~ ,.~hich have high manganese --to 
a -

carbon ratios •. Isothermal -annealing produ_ced more grain refinement~'"\ __ :;~<· -".·" ,, 
-

" 

.. Wi~ the--~ 23 ,to • 28 .perE:~nt ~arbotl,1 ·• 85 to .. -95 percerit m.i.ngaiiese · _ .. ,. .. 
' ' 

,.._, 
·,.. . 

.... i... • steel ·than it did with "'""the • 5_0 to·. 7.5.··,p~rcent manganese group;· ' .. . . . . 

Steels -with • 25 , to .. 30, percent carbon and 1. 16 to,. __ "'_l_. 36 
• 

j 
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percent manganese were ver,r fine grai11ed '\vith only one isothermal 

treatment.. An A" So TO Mf; ferrite grain size of 9 v1as achieved with 

these steels on the first cycle. 

With two treatments the 1. 20 to 1. 36 manganese group gave 

A. So To M" ferrite grain sizes of 9. 5 to 10. O. Despite the fact that 
., 

these grain diameters were achieved only for "keel" blocks, they were 
substantially better than any of the other integrals tested. The "keel11 

··. blocks of the low manganese groups gave A. Se T. M. ferrite grain sizes 
··· of 8. 75 to 9. 0 with two isothermal treatments, while the·. 23 to. 28 car-

.. ·.:-· bon, • 85 to • 95 manganese group produced 9. 0 to 9. !5 with the same 
• 

. number of recrystallizations • 
- :'"; 

.. 

. 

. . . . · . . _.-·.: .. · ·More_ than two heat treatm.ents did not produce. further grain refine--:.·.·-.. \'/···:· 
• 

• 

• 
• 

• 

• 
• • •. < -: • • • ·- • ~- -

' . ,, . . ... "'•,,, -· 

.. 

ment. He~t numb~r 1Z3Y260 (. 23o/oC - ~.74o/oMn) was give~ seven i~o-
. thermal treatments, but ·remained substantially· the same after the first 
two •. The ·spiallest or "terminal" grain size:£or thi_s steel was 8.v75.-

·-- -· - . -----------· - ---

.Heat number 1ZIY117 (. Z4%C - ·• .70o/oMn) produced a finer ''terminal'' 

. -
. I 

The ... 35 percent carbon . 
grain size was. achieved. afte~ two treatments. _, - . 

~ .. ' 

., . .Jl ---- ---.-.--------- -

1_ 
•. 

. . . 
'.'\ __ ·- .. ----- -

' . 

' 

l~. 

I 
__ 1<_:.:· ~,·--.~---··.l..·_-- ___ .;__ 

____ ,...f_._,.. . .:_. - -.-

... ---~--~·--~-:c,----:-- -·steel_ ctlso reached·a ''terminal" :·value after ·two recry,stallizations. · ·In 
., 

\ . -
.... r·· 

.. thi~ case 'the final g~ain size was 9. 25 • 
. ~- .... 

. . n 
. . , . ' . --,- ' . . .. - ,-:-- -·-·;·- . - ·"'···· - ' ..... 

. . ... .., . 
. - ~ ~. . . . - . 

' - ' '. . . . .-, 
.The lZ. inch cube tests followed: the sanie pattern as the ''keel'' -.. _: ··~··. <: · . . .. ~' ' ' ' ' ' . ' 't " ' ' 

.. , . blocks.. The ferrite grain size was substantially lower with-· isotheni1al -.. ~'- .. ·-~ 

• a • 

. :aiinealing thaii with standard furnace-cooling •. Annealfng ol the •. 50 ,to .. 
.; . 
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• 75 percent manganese cubes g"ave Ao So To Mo grain size of 6D Oto 6,, 5,. 

only slightly coarser than the 6. 5 to 7 .. 0 achieved with the same treat-
' 

ment for ttkeelrr blocks. 

Isothermal annealing of 12 inch cubes with the .. 50 to • 75 percent 

manganese group gave Ao So To Mo grain sizes of between 7o 5 and 8. 75. 

The 8" 75 grain size heat had . 26 percent carbon and •. 72 percent mangan

ese, while the 7. 5 grained steel contained • 30 perbent carbon and • 50 

percent manganese. Although these are only two heats, higher mangan

~se contents did appear to provide a deeper grain refinement. 

The isothermal anneal ~as considerably -more effective in provid-,. . 

ing grain refinement in depth for the higher manganese groups for a 
I 

·' :1;2 inch. cube. · .An A. S. T. M. grain size of 9. o· occurred after one iso- . · 

thermal treatment of heat number 121Zl54 (. 28o/oC _, ~ 9Io/oMn). This 

... 
,_. . 
. . - . 

- .. ·. ; ,; .. 
. . -' ·. ' 

- --·---·------ ----------·-·. 

. . 

. is more refinement than was achieved with "keel" blocks of heat num.~.~ . · · ... -. 

~ 
• 

I - • ,-. • C -ber 121Z091 (. 26o/oC - • 88o/oMn). Th_e high-n1:anganes ·e (I. 2 0 /I. 36o/o · . -- · · . -. ~-:-- - · 

Mn) group gave the most substantial grain refinement for 12 inch cubes. 
- - --------- --------..,- ~-~--- - - - -- - .---,---~------

After one isothermal treatment, heat number 103z·o19 (. 26o/o C - 1. 16o/o·_ · 

• ' . 

)I" . '!\. . . . . . . . - . . :.-~---. ____ · -------~- Mn) .. gave a ferrite grain size- of- 9.--25-.-- --------:-------~--.~-----~-- -- ·. - -- - • -·--- -- -·-- ---·-·----- -- - -- --- - J - --'-·- - ___ ,. ____ ---., . 
. . - - --- .: .. - ·-- - . - -· -···---· ~ ----~--·--· ...... - ~-.-·- -- -· --- --··--· ----. - - -. . 

,J -------· -
- -•----'--------·-----...___ . -·- --------- ------ -- .. --------- -- --------- --

·-··-·-""· 
- ·--- - ---- -- ---- - - - -- ---- • - --; - -- - --- -,. - --- - - -

R~- ' • - The increase in·ferr.ite p·recipit~tion with grain 1;efineme1_1t occurred ·. . . 
-, -

~..,,,.. . 

4> 
·.· . 

. - - _.,,,..,., _______ ··-
.. ...__ . -- _. ---·---· .... - - - :.. . - --· -

for both th~ __ 12. inch cubes· -and the "·••keel" block studies. : · Anne•ling pro- · 
. . : . ~. ~ . . : .. - -· :, 
··-··--· -·····:··.·-c·· . 

., _ ... _\:,..,.: ..... _" .. ·_r::. ··: · -·d'llced ·1ess ftirrite ·than the isotherma1 ann~·a1· after one._treatment. Norin~· :·: ·- .. · -, . . 
' - . . 
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alizing _.to. roo~ temperature-precipit~ted more pear lite -than. did . •: 
. ., ' :········· 

.. ·. ,I · . 

. isotherm.al treating. · After twQ
1 trea~ents .the_._amou~t of ferrite in ~e- .... -
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isothermally treated steels increased lJy 5 to 10 !)ercent. Tl1is increase 

in ferrite precipitation might be expected to improve the toughness but 

the tensile strength should 11ave decreased witl1 less pearlite precipi-

tat ed. 

Effect of Grain Refinement on Ultimate Tensile Strength 

Despite the increase in ferrite precipitation with grain refinement 

. the tensile strength did not decrease. The ultimate tensile strength was 
essentially the same whether the steel was annealed, normalized and 

tempered, or isothermally treated.. Even successive treatments did 
not change the results • 

The only factor which appeared to be capable of lowering the ultjm.ate 

Annealed steels had more 
segregation .. than did ·isothermally treated steels and did result in a .. : - -- ·~·-~ 

. ,• _,.. 

- ~ 

' '{;i\~ . . 
. . suppressed te.nsile strength for h~at number 121 Zl54 (. 28%·C - •. -9lo/o 

. 
' . - - --- ------.--,-.: -- ------ -

.. _,....- - · ---;M·n)-.------ ------~--.. -..--.- -- ------. ·---:---- --~-.. ' ...... -...--- - . . 

~ . 
. . . . ., 

; ..... Figure Z _shows that· isothermally treated steels provide ultimate-· . 
, . .. 

' 

-- -- ... ···- ··-·-·- ······- --···.··--... ~-----·i .. -·-·-·---::·-;:-~--- ----:--, ·.-------,· -- ---. --

. ,: .. 

", 
• .I • 

With furnace··:··;·. 
'\. 

---·--·----~......::..-C-____.....:.----:---eooling only-60, ooo·psi cin·be guaranteed for. 20o/o/. 250/o carbon . -

- -- ----------~--- ---. ~-----'--'-- -

. . 
" -

steels, wh_ile 65,000 psi can be expected at the. Z5%/. 30% ·carbon °'-}~ 
-

.- lev·el. · The Jsothermally treated steels provided a minimwn of· 72,. 00~- · -
·-psi tensile strength with·· 25o/o/. 30o/o c.arbon,, and ~t lea~s_c,t 69-, 00(): psi ~ , . 

. 
. 

with ._ 20o/o /. 25o/o. carbon. 

. 2.9 .. 
'.) .. 

- - . 

:~----'------~---. --· 

• •' ·••·• i" . 
' . . . . 

- --- --- -. ·---·- -----·--· - - ------ - ---~ ----···,-·--
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The high manganese steels( .. 25o/o/o 30o/o carlJon, 1 .. ZOo/o/1 .. 36o/o man-
ganese) provided a tensile stren.gth of at least 81,000 psi.. The rest1lts 

are apparently due to ferrite solid solution strengthening and would be 

e:x:pected to reduce the.,impact properties were it not for the substantial 

grain refinement wl1ich also occurred with this grade. More careful con-

trol of carbon could probably give consistent ultimate tensile strengths 

above 90, 000 psio Heat number 122X45 l-B achieved this result with 

ox:ily. 30 percent carbon. This steel (122X451-B)also had a very high 

. 
yield strength of 59, ~00 psi. This yield point for plain carbon steel ap-
peared to be a direct result of substantial ferrite grain refinement. 

l 
I Effect of Grain Refinement on Yield Point 

. . . .. . .. . . ' 

. . . . The most important physical property of enginee.ring. components 
is the yield point since their further usefulness is limited after plastic · 
deformation~. Isothermally annealed, plain carbon steel castings have· · 

.. • 

' 

... ·.··;·-------~--~.--~~-~--- ·yield po.ints·whic.h exceed thefr annealed counterparts by 5, 000 to 10, 000 
I 

• 

~ 
' 

• 

,J, '··-.' 
-. p_si. · The lowest yi~ld strength < io. 2o/o .offs et) for isothermally anne~ed ~-i 

'- __ , .. --· ~--.---:--. -
'"• ., ~·-\' :;.· -. ~-.· . 11k·eel" blocks was .. 38, 000 psi for • 20"/o/. 25o/o carbon steets and 42, 000 

. , ... ,. -" .. 
- ----~--·---,--~-... -.--

. ~ -
- . - . ' 

~ 
· · ·,.~-·-;-~-:~·-···:··.-:_:_;,·-···-··: __ psi ,for .• 25%./. 30o/o .carbon ~teels ... · TJ-ie lowest yiel_d stren_gth of the high -- ----~--- --

,... 

------ - ~- -

.. 
----•,-.... . -. ~-----~- -~--- . -~---·- --

-- ., . . :manganese .. (1. 20%/ 1. 36o/o manganese) group. was 51, 000 psi •. - ·. 

·_.,- '.·. :.',, 
. - . . · - The impraveme~t in yield s·tre.ngth ·achieved with·-the. i~otheffllal an~ 

' - • ~- • 
• 

1 
• 

C' 
' 

. . - -

i- -

. ·... . _ .. 

-. neal can be directly attributed to fe_rrite · ·grain r·efinement. ,Figure 3 _ - .· ·. _--·. 
: ( .. . ' -

.·. · is a piot ot'yield strength versus d~\ for b.othannealed ~nd isotherni~ly· 
. , . 

•• r' •• • .. 
. ·. 

7 ·' .. 
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• 
treated "keel11 block so Thi0 figure indicated that the yield. strength 
of plain carbon steel is a linear function of d according to the Petch 

I 

relationship (Equation l)o 

For the low manganese group the yield strength of a aingle crystal 
(01) is about 20 0 000 psio The high manganese group parallel0 the lower 

· manganese steels and in this cast the intersept value appears to be 
about 26,000 paio The value of Ky (or the amount of yield strength ln

. . crease achieved with each decrease in d -) is approximately the same 
for both the high manganese and the low m.angane ae groupse The 
value of the slope is about 2500 psi/mm:..%~ 

tion for low manganese steels reads: 

20, ooo + 2, soo-\ .· 

Therefore, the Petch ~equa-

• 
. ': . 

Equation 3 . 
. 

. • . . . · 

--~ --·---··.~------~----·-· . - -·--- -.. For the 1. 20 to 1. 36 percent manganese group the Petch equation is: 

26, ooo· + 2, soo-\ - · . Equation 4- _ " • : • - ' ~: • I ',' • 

I~ the range of grain diameters between A. s;. T. M. 6 and 10 there· 
, . . . . .. ·. -

. . . · :. is a great variation in ·the number of. grain·s per square inch at 1 OOX. 
•, . 

•'. 

... ' . ':·- ·c' 

, ----... , .. · ;, _'. :_:, __ - ·-: Since this reg.ion is of primary interest·,- ·.•n exp~:nd~d plpt .. ~~-as pre- , 
. - .--····- --- . .-

. 
- . 

....... - . . ... · .. ~ .. ;; ... : 
.,.., .. 

parea plotting yield_ st~ength versus g~~-~~ ___ p_er-· squalf®. inch at lOOX- -----~- -: . ·.~-~:"-:~· ·\ · 
. . 

. - . , ..... - ... -- -- --····-· - ..... ___ -- --------· .+ ... ··-··-- -- . -- ·.. 

. . . ' - . __ · 

-- .~-- ------· 

. ' 

._ .. (Figure 3). This plot ·11rnot a str-aight line: - Although the resul~s were 
., . 

. . ' 

obtained only for A.S. T.M. 6·-through_lO, Figure 3 ls.of_practical value-----.-~-·-.. ··:· • • 
I 

~-
,,• 

·-----------,----- ····-··---;·-- - -
~ 

. •. 
- 1 • since large variations in the _grain,s _p.~r'.,.squar·e inch 'at lO·QX lead to only .. · .. >. · 

. 

. . 
. . 

. 

small Val"iations in the Ao Sc T.M. grain size· number of d-% (mm-~). 
. 

. .,.,, ..... ..,,, 

•• - --!...... 

The results of this study indicate that larger percentages of pearl-
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ite do not inc re as e the yield point.. Tl1e yielcl s trengtl1 fJf tl1.e • 5 2 percent 

carbon steel v,as dependent on tl1e ferrite grain size in 1nt1cl1 the srune 

way as were the .. 20 to .. 30 percent carbon steelsQ Wl1en tl1e ferrite grain 

size decreased, the yield point went up. However,. this does not exclude 

carbo11 as a useful alloy. The . 25 to . 30 percent carbon steels grain 

refinen more readily than did the • 20 to • 25 percent carbon group. 

Therefore, carbon should be used only as a grain refiner and the met

allurgist should recognize that increased concentration.a of carbqn hav:e 
a detrimental effect on toughness. 

~ ·Manganese also aided in ferrite grain refinement, particularly with 
-~he high manganese group. In the case of .the high-manganese group an 

inc;rease in cfi also occurred. The combination of these two effects 

increased the yield strength by 6, 000 to 11, 00~ psi. 

ese did not have an adverse effect on toughness. 

However, mangan-

·-·-~------ __ Car.boil. is known. to -de·crease the impact·values--of mos_t_ steels • 
' 

. . . ' 
"'t ' . . . Since solid solution strengthening also reduces the impact·resistance, 

. . . 
. .,;t., -

'' 

,.- . · ... • 
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The Charpy uvn notch impact propertie·s ~f isothermally anneal~d- · · 
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.. . . · c,stings--was sup~rior to anneale~··castings •. · Both the fractur~ mode 
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tra11sitio11 ternperature and the energy levels were improved, although 

the superiority of tl1e e11ergy levels was n1ore drarr1atico Without in-

creasing tb.e furnace tin1e isotl1errnal annealing provided im.proved frac-

ture toughness, as well as higher yield strength and more consistent 

tensile values. 

The seventy-five Charpy "V'' notch energies {average of two tests) 

'measured at +32 degrees Farenheit provide a good exarriple of what 

.,effect isothermal annealing has on Charpy "V" notch energy levels •. 

For the . 20 to • 25 percent ~arbon ,,group the Charpy "V" notch bars 
r 

.. 

, {. absorbed from 30 to 71 ft. lbs.·· The test which absorbed 30 ft. lbs. when · 
isothermally treated, required only ZO ft. lbs. for fracture in the an-

nealed condition. The same relationship· was true for the 71 ft. lb.· 
- - - - . steel. ·.This • 22 percent carbon, • 74 percent· manganese. steel abso;rbed 

26 ft. lbs. when it was annealed. In niany cases the impact properties 

' ... ·· .. :. 

- -- - --

•• '> . were twice as high with is<?thernial trea~ents (¥'~gtire~ 9, 16,. z9, __ ._55- ---~---------·.------c·· ·---· --- . -

and 57). 
-. 

~ 

. Those steels with full impact series. also showed that ·more ~ner:gy·. 
'• . 

' 

' 

' ·.1.. · was absorbed at temperatures both below and above .+.3.?_._4~g~-.~~§ .. _.Fa;r._e_n,~~t~-c,e,..r~~.....l-~,1:.c:1:: --
-

• .~---!···- "":_•·:.O •• -----·-:-:;-;·, :.:-.,;::, .• ·-,:,·-: ,-. • .•-,,, • ." '.""'···-·-·c_-•.. ,·- .-.--,.--·•·. -.,. 
·-- •. :--,-... _·.·~~-;:.o;;-..,;;.";~~~ ... '"ti.~-,,-.,~--7-··.-:c·_··- - -

heit. 

"--- --- . was from 40 to 50 degrees. F.ar~nh.ett !Qwer. w.iththe ___ .·20. to ....• 25 :.percent--~-- -~,-;-'. -· ··- .. ·-. . . . . . -··-· -. - . ----_- ···-- . -- .. ..:. ,:, 
. . 

····-····-------~ --:-:-'-~-- .,. __ , ...... -. -·... . ' 

' 
- . · ..... -. .::~·-- . ~'-_--··--·· 

·· · carbon group. For the·.· 25 to. 30 percent carbon s.teels- the difference. ____ .-~-· .. ·~·-·.· '. 
. .. . . 

~ . . . . ' . . 
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was from 45~ .to 90- degrees ·Fare.nhe~t~_ A similar comparison.is -not . -. 
. . 

., ' 

. 
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they also had a low ISTT. For these steels the ISTT varied from 

-50 to -65 degrees Faren11eit .. 

The fracture mode transition of isotl1ermally treated castings was 

also lowered by isothermal annealing. Two factors which may be of 

primary importance in this behavior are the increased amount of fer

rite precipitation which occurred with the isothermal treatment and 

the finer ferrite grain size. The straight line correlation between 

.fracture mode transition and d-lj predicted by Petch did not occur . 
. 

,_,_ 
= = -=- -

However, his prediction was based on the absence of a second phase .,.·-··- . 

. 
. -------------

j, 

' 

' ' 

such as pear lite. For. steels, carbon (in the form of pear lite) is 

well recogni;Zed for decreasing. the impact properties. Pickering 

and Gladman 7 found pear lite to inCreas e the fracture IIlOde tl'.ansitio~ 

temperatu,re by approximately four·degra:es Farenh'eit for each percent I . 
,' 
l 

increase in pearlite. 
,. ' 

The analysis for the effect of ferrite of fracture. 

--~------- ·mod-e transition shown in .Fig,ure 5 c·arries this correction • ... 

Once the effect of pear lite has been accounted for, the relationship 

.. ,. 
.I . - ' 

.,' I 
) 

. . 
: .. ~; 

... - ---~ 

. ·- --

. .f, •. 

· __ .: __ :. __ ···-,-~------ ·-----.-b-etween ferrite g~~in refineµient and fracture mode~ tr~sition may be ·. :· __ .-" ,' ': . . .._. IJ.. • - . ' ' . •' . 
J . . . . r . . 

,.~.~.~~~--A~l}i.zed.m,ar.e.c;;u:efuUy..-·,,~Figure··S ·shoJs·th'..e·"'T'esu-lts;·ofthis'at?,'alytis·'·,4..:__ .• ,;,,,.~., .. ,.~ .. ,. ~ 
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-----· -----~-------- and.Cindie ates. a decrease in the fracture mode .transition ~emp~ratlire 
.. -. - ~ - ,...,.. ____ ,,._ . 

.. ,.._ . 

. _. -----·-_·-~___,-,------<,-1----lS·;degr·ees.F-~-r-enheit··-for-· each·.:ae·creas e in~-tlie ___ s.quar~e-·r-oot ·o! the - ----:;~ 
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. C. 
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·- ·- ·-· -- .. ~-' . 
' . ' ' . ,. . .t - . . · rous fracture -mode tr~sition temperature may be approximat.ed by:· ·, 
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I._,/'• 

· •' "'"•-

• FATT(° F~) = +30 + 4(% pearlite). - lS(d-\ )(~m--%) Eqlla1:ion 5 

... .. •." ··;.I.·-~ 

. ~ . . I ' 

I ,. 
. 34 -

·, :: -, .· .. ,......... "·' •. -:-• _._: ,·_:__, '.'.-··.·--.··-•· .. ··' ··- ...• ·--- ·c·· - --~·-,-~..:., .• '. ... _'. ~ .. I ·.··.· ·.· , . .:...~:L-~-· • -.. -'--.' -~C~~---,----~ 

' f 

' . 
.-·-- ·- - . 

·. I, 

~- .. ,• .-.~ --·-··- -;.. : . _,.;.,. . '. 

..... i' "'. 

. • . ., 'I, 

.1.. l> 

·'··--·· ··:-•: ....• _ , .. .· _:.": ____ ·--· -~ .:~_:._ ... :~.-;:~;~._:_-__ :.,.~ .... _ .. --·-,-~-- .. · . .,:...' ... -
' -· ' 

-.c.-.~---... ---·····-

•: ' ,· 

' ~ ,,. .. 
,.:.a. 

,~-.. 



.. ' 

. .. 
. - ... 

It should be noted tI1at this result was obtained for Ao Se Te Mo fer-

rite grain sizes between 7 and 10. 

Since carbon aided in grain refinement a curious situation a1"ose 

whereby the FA TT of o 20 to o 25 percent carbon steels ·was approxi

mately equal to ct 25 to o 30 percent carbon steels provided the manganese 

concentration was lowv Those steels with a high manganese to carbon 

ratio ~.·also grain refined substantially, but without the same adverse 

effect due to increases in pearlite. Therefore, the best combination . 

of strength and toughness came with the high manganese (1. 20 to 1. 36 
. ., . . percent) group. 

• .. ' .' ' ~ 
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Com;earison of "Keel" Blocks -and 12 Inch Cubes 5 .:::.. 

.. ,• . . .". . ~. ·~ -
- • 

• : • ;'.: • - ;· < ;1··' _·. ' ..... •· .• · ... ,'"- ·.:: ... ·. The 12 inch cubes generally had lower properties thatl. ."kee1l1 ' .. · · <'. ·, <·: : .. 
l • blocks of the same ·analysis and heat .treatment. ·The question was,·t · 

,· 

:! 1Can.·a.:g~eater decrease be expected with-isothermal annealing or with 
----- . furnace cooling11 ? ··. The answer to this. question. was that the prop'tirties 

of an isothermally tr~ate4.12 inch cub~ c~rresponded more .closely to 
·, . 

. ·, 
-----

....;.--:-:-.-, -- - -:----.-:-, ----__ -- - -_ 
- -- - --: ,-- - ... ·-~-: - -· ,---

. --· .th~· .. ,,~el''- blocks than did.the "keel" blocks and 12 inch cubes of an-
. . -· ~ . - ' .. . .... 

. . _.JI . 
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. . \ ~ . . . impact properties observed· for· "keel" block~. was jJJ,~t ..... i-_s pronounced : -········· ·-: - . . . . . . . -cl~---·· ~ ----- ___ :__ _____ . ----- -- - :. ___ :... .. -~ . --------· .------- ___ _,_,_,__ ___ , _______ : 
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- ( ...... -··· . -· ··-- .. ·. -_ in the· 12 inch cubes. . , 
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blocks. 

Heat numbers 121Yl76 (.30%C - .50%Mn) is typical of the re

sults obtained. Is0thermal annealing increased the yield strength of 

toe 
II 

keel'" blocks by 20 percent. The yield strength of the 12 inch 

cubes was increased by 24 percent. For heat number 122Y398 (, 26% C 

- . 72% Mn) the yield strength of both the "keel" blocks and the 12 inch 

cubes increased by 15 percent, The Charpy "V" notch properties at 

+32° F. increased by 50 percent for the "keel" blocks of heat number 

122Y398 (. 25% C .-·/;·72% Mn). For the 12 inch cubes the increase was 

77 percent. For heat number 121 YI 76 (. 30% C - , 50% Mn) Charpy "V'' 

notch impact energy for the Hkeel" blocks increased by 92 ,percent. 

With 12 inci cubes, the increase was 113 percent. Therefore, the iso-

thermal anneal was an effective means to increase both the strength and 

toughness of large C .. Mn ~tee! castings, without increasing the heat . 

1 treatment time. 
~ : ;. 
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SUMMARY AND CONCLUSIONS 

1. The strength and toughness of isothermally treated steels were 

superior to thoae treated by standard furnace cooling procedures" 

The improvement in properties apparently resulted from .ferrite grain 
. 

refinement. The isothermal anneal produced a greater increase in 

p_rope:rties with 12" cubes than with ''keel" blocks. 

2. A a the grain size decreased the percentage of fe'rrite increased. 

3. The size of the grains did not get smaller after two isothermal 

treatments. .-

4. The Hall-Petch r_elationshi)> predicted the yield/strength; 
< 

,,,,.. (psi)· 20, ooo+ 2, sOo d-% <mm-\> .V yp 
. . . 
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. 5. The transition temperature is lowered by 15 degrees Farenheit t, I• 

for each decrease in d_-%rrun .-\. . _. . ,,-

- - - , 

__ :=__::_~---- -------· -:---------.---·- .. _____ ::. ____ - -:...--.---·-·--'-· - . -· -

FA TT = +30 + 4(% pearlite·) - 15 d -\(mm-\) - - - - - - - . --- . -·- --- - . . . 
. . 

. . 6. With higher manganese cons:entrations the ·ferrite. grain size de- · . ... ' -

- . : : . -~· -. _·; -,. 
' 

. . ' 
_. creased more rapidly than with lower µiangane se. steels. Ca.,rp9n -___ '_ · -:·;==_,_-_.:·-~~·-c-~,:c_·· ,.,. - . .. : . . -. ~--: --· ··:~·:::-,:··:~_. :--:--~:·-~:-·::_-~-:.....:.:: ... -,-- . --- - -·-----·--·------- -·-·-··· ·-·- .. -·--:··.:-·----;-···-·---··-

. . increased the percentage of pearlite; 'but ~l_fQ,,_pr.ovicied-,,s-ome~&r-in·-~·re~r-~~c._:s~_::\-~ ,'' . - . . -- , ·-· -· .... ,_ '·. - . .. '. - . -. . .. - ' . . 

-fin~roent. _ If the best --~ombination-of strength· a,.nd :toug'im.e-ss--fs-:re-q,iired~----------. 
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