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INTRODUCTION

In 195)4 the Pressure Vessel Research Conmn.ttee of the Amerlcan
1

_,.Welch.ng Soc:lety revealed, through a llterature survey, a number lof

steels potentlally useful for pressure vessel constructlon 1nvolv1ng

J

'-1ncreased allowable de31gn stresses. The conventlonal plain carbon

structura.’l. steels were unable to fill th:Ls need except in heavy un- - o

| meldy sectlon s:Lzes. As da31gn requlrements became more strlngent

W

e tm hl" her strength Steels were unsatlsfa_ctory. B In order to " : B

1mprove the propertles of the h:.gh strength steels and minimize their

sectlon s:Lze, spray quench:mg was introduced, The advent of spray ' B

: quenchlng resulted in the sponsorsh:l.p by the PYRC of a,numbesBof

3

research 1nvest1gatlons¢v These programs revealed spray quench:mg

| 1mproved the propertles of the steeIs and permitted thelr use in more -

-~

An interest in the coollng rates that were belng obtalned at

__,_from ‘the conmercial use of spray quench_mg. Numerous studles have been

| __conducted, 1nclud1ng those completed as a . basis for the PVRC sponsored

‘.»..,;;m;.Im;.w;gagreement For mstance , there was a range of lO°F/second to 70°F/ second

M Y \l‘
N \
S

‘a program at Lehlgh Unlversa.ty to determine the coohng rates that would

varlous positions across the th:n.clmess of the steel plates resulted

work at Lehlgh Unlvers:Lty. All of these data were reported as the coollng

rate (°F per second) at 1300°F These data were in relatlvely poor

reported for the mldthlckness cool:.ng rate. in a one 1nch sectlon s1ze. L T e

-] .
* . Yar L _— "’wr-‘
s ﬂf ; . .

%‘ The magnitude of these ch.fferences prompted the PVRC to sponsor

b- . : D

ﬂ_-ﬂﬂlll-ldu%llﬂﬂl




be. obtalned thrcugh cormnerual spray quenchj.ng. "This 'thetsis reports |
't}e results of that program. | | |
~In add::.tn.on to the cooling rate program, previously reported |
mecham.cal property data have been complemented by addltlonal data and
N 'are here::.n reported as a functlon of sectlon s1ze rather than coohng

rate., The results of the cool:Lng rate stud:x.es have made this new

| presentat::.on poss:Lble. .

- “ Lo ' N

COOLING RATE STUDIES

Background

> . LA

- K

PI'lOI‘ to the 1n1t1at10n of the coollng rate studJ.es, it was ad- o -

R N . :'\

 the causes of the dlscrepencles.

ol —-'---—---~~—v~?—-~*“‘;f“*"“"'“ First tfiere appears} to be a w:Lde va.rlat:l.on of the flow rate of

IR

 the water spray. _This potmt alone could be respons:.ble for the dlffer-_

| ences reported, Secondly, the coo]ln-g: rates vere reported at 130()°F~ e

,but no me'ntion vis made of the type' -o'f -'steel used, This too could be

Py e e

respons:l.ble for the wide gap in coollng rates.. The temperature at Wthh

recalescence Wlll begln 1s ‘determined by the comp081t1on of the steel,

If the steel selected -

| .

A h::.gh alloy-‘ content will suppress recalescenee
hen recalescence and

for a coollng rate study is of . a h:Lgh alloy .

" its ‘accompanying heat of transformatlon A"'""s’" “ be reflected in the

- .

'1300°F cooling rate.‘ Consequently the collng rate reported for th:r.s L

: A .
materlal would be fast Conversely, :Lf the steel were a plaln low carbon e

. - TR
B e e T I e e v iy e e et s <

- o grade that underwent sol:Ld state transformatlon at or about 1300°I‘ then IR

f"the coollng rate based on the 1300°“ crlterlon would be slow. Thls re-

tardatlon of the coollng rate 1s attrlbuted to the fact that the ent:Lre,__“"‘;w

Apveyd . . . . ; ~ : . . . . . ¥
. . ‘Q!J’ s AL 4‘ ) . . cr . .
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ﬂ' of interest,

—

A survey was- conducted to establlsh the sp.ray rates cormnerc1ally

. . «
P o e s e L I VA St B et e -r**w*r A T, e R T M SR TR v, ~<mwmw

employed for quenchlng plates. Correspondence w1th users of /spray | " .

quench::.ng apparatus sugaested that 0.3 cubic 1nches of;water per square'

1nch of sunface per plate 31,de per second is a typ:,cal commerclal rate._

A spray quenchlng apparatus capable of dellverlng the desired quant:.ty

¢

,,u | of water was desn.gned | Figure Iis a photograph of this apparatus

shom.r{g the pos:Lt:Lons of the two. commerc:.al spray heads in relo(atlon t0‘

, 3 B,

a one 1nch thlck steel plate contalnlng two tkermocbuples. Each spray o

N

head lS constructed to dellver a unlform cone of water to each side of

J

the plate. The heads are mounted in the sldes of a contalner that - | L\

¥ . RS S S—

measures Zh 1nches by 36 1nches by 30 1nches deep. A runoff pipe 1.s

located ten :.—nches above the bottom of the container. Thus five cubic

- feet. of water (equivalent to the volume of water ob"tain'ed under commerCial

- condltlons in 60 seconds) is held in the contalner before runoff beg:l.ns. L

-

@emmental Proce dure

“The section thlcknesses stﬁdied “'inth this spray rlg Were 1/2 1nch,
lk;mch, 1- 1/2 inches, 2 inches, 3 inches and h-l/2 inches, The plate o -

sizes were the same, 12 1nches by 12 :anhes. The selectlon of this s1ze

-

plate conformed to a 5/2- X thickness requirement that assures the

¢

s g Mimination - of: edge effe cts in- the h-l/ 2 inch plate o Cooling rates were - e»
"measured at the mldthickness and quartertha.ck:ness pos:.tlons. P_orcelain _'

iin_sulat-ed chromel-alumel thermocouples Were percussion welde,d'to,f’b'_he plat%,\

RN e




— plate was in the spraylng pos:Lt:Lon. These tubes ellminated the poss:L-

blllty of wa‘ber enterlng t}‘e hole contaa.nlng the thermocouple therebf

B causing erroneous cool:mg rates.

| calculatlon of the water flow rate. The average flow rate del:n.vered by

this r1g was apprommately 0. 28 1n3/in /s:n_de/second

terminal box. Two leads were \tapped from this #c.erm:u.nal, one of wh:n.crl}

— — The- slowerratewaﬂsedforﬁamﬂeﬁ pletes. The secona lead from the

at the bottonm 'of six inch.'holes locate‘d 8ix i‘nches in frowm'either s:.de. '
The thermocouples w:e\e protected from the water by stalnless steel %ubese»e;f»— -

that extended above the top of the conta.:x.ner (see F‘.Lgure 1) when the

For each plate quenched, the tﬂme necessary to i‘ill the flve

| ’, cub:Lc foot volume Bélow the runoff tube was noted ThJ.S permitted 'bhe .

L d

set

: }-

N . |
The change in temperature mth tlme resultlng from spray quenchln%

. %(and_la:b.er mﬂ.cge.l_-;__ng) was de%emnedwl-& ‘&he f—ellom—ng mnner. The - .

‘ 'mlllvoltage outpu’o from the mdthlclmess thermocouple was fed 1nto a

@

went to a Leeds andJ'Northrup S'peedomax recorder., This recorder was””"“‘

| geered for two travel speeds 3 1/2 inch per second and 1 :anh per mlnute. 'F

."“__‘_termnal was fed 1nto the ab301ssa (pen) of a Mosely x-y Recordograph and

B

”5:~»prov1dea the bime ax:Ls. The ordlnate of‘ the Mosely recorder was used to

| _ Arecord the mllllvoltage output from’ the quarter-thlckness thermocouple.

An actual coollng rat.e determ],natlon was carrled out in the follom

ing manner:

A 12" ““b“y I?W“prate ~of ’the de31red ’ohlckness h.ad two 1/8 ~inch-holesy™

Y drilled in 1'b to recelve the 28 gauge chromel-alumel thermocouple. “'I'he
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A Theutihemaggnples, 1nsulated with 1/8 inch alum:l.na beads 5 were percuss:.on

S s

‘welded to the base of these holes. A staixﬂpss steel tube cbnta;j.ning- a
. . female ﬁ_tting was placed over the thermocouple ‘and the fittings weref\" . | i
_— _' » ; w"—j j engaged. The prepared pJ.ates were placed in 2 1650°F preheated furnace .
I - ‘and were removed from ‘the furnace after the:Lr temperature had equahzed.
The plates that were to be air cooled ‘were mre brushed t6 remove any

| o o :loose_;scale. | (Those being spray quenched did not requ:tre thls treatment

| S , : bécause of the thermal shock ot the }«rater). ‘When the_' terr‘xperature“-ofa the

| plate ‘reached léOO °F the temperature controlllng devices were actlvated

;I DS ZLn the - case of i&pray quench:.ng the wate{ and temperature dev:Lces were T

act:Lvated sn.nmltaneously. t e

L oo . . N I
. v ‘ A . : ) s ¥ - E . NN ’ - ' N ' . ’
PR . ‘ ’ ! ‘ .- N o o N, . o e . -
Results s L S R -
.- . o .

T .

- | | . In Frder-to avoid the previod’Sly mentioned recalescence the cooling |

~5

" rates for the various plate th:.cknesses wele. determ d on the bas:.s of o o

a half-temperature crlterlon. The calculatlon of a coollng rate based - M

e o
.on th:Ls crlterlon cons:Lsts of dividing the half-temperature dlfference 5.
Lo

in °F, by the time requlred to reach half—temperature. A sample calcu-

T N . *

latlon of a half-temperature coollng rate is glven at the bottom of

<

T Table I, Thls wide temperature“raﬁg&*%%iior -spray.- g 1E 1ncludes
nearly all oi' the metallurglcal changes. that w111 affect the coo}_\'ing rate. - -

A coo]:mg rate based on the ”half-temperature criterion minimizes the
i \

| ' N ’ | , —
T effect of steel composltlon, .

ST

.

srzes are g:nren in- ’I‘able I Each rate represents the results of at least o '. o

,.,. S : | two determinations. In ade.t:Lon to the determlnatlon of the coollng rate

L

b
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o —_— : oo
5, L
... e \ - W R
P d .H..
’ N Y R
o . . SRS
S . #
- . ) L N .
.- Ply
& .
' b
W " _ - - R S99 } i .
.




S e f g AR,

. - \ . S i 6 :
= “ | i \v;e.e__, wgnt . —
— : | --~—~ . for sprai quenchlng a a s:.multaneous study was conduc‘oed for al.zl' ]
ﬁ cebled plates, The results are plotted::.’;Eigure.Z. This is a 1
log-leg plot of plate thiciéness (ofai;xaté) irersusqcooling rate
(abscissa). The md—tmclmessand quarter-thickness ‘cooling rates 3 :
for the. a;i.rf-cooledmspecin;ens were essentially ident.icél.,,.”‘spray .
) 'q}ienc‘hing‘resulted in a ’siight » but significant difference, be‘tween |
'the‘ inid-ﬁhiclmess.and, 'qﬁarter-;chickness locations, ‘
Discussion of Results - o o B
The data glven in Table I an\h plotte&d :Ln Figure 2 were used as *
the ba51s for the derlvatlon ef mat.hematlcal equatlons that Would permlt ;
@f” _T__'the extrapolatlon of these coollng rates for sectlon s:Lzes beyond h-1/2
. ' .,%nches. These equatn.ons are as followh‘s"""-‘x' | B /.
o For ‘-aif;coolin md-thlckness and quarter-t.hlckness
Log (C.R.) = -0636 - 813 log t .
For spfay quenchinb o -'. oL L @ .
| mid-thiclﬁqese o IR .
e Log (C-.R._) =. 1,202 - 1.007 log'b
e : euar%emftﬁ;cmess ?} - — " - T *
.. ILog (C.R.) = 1. 285 o1 018 leg 8 i e e
where (C.R. ) 1s cooling rate (°F/sec ) and t is plate-thlckness |
(1n 1nches) _ o L %
'\ The actual calculatlons for the ﬁemvat:.on of the equatlon for
the a:Lr c.oo.ling‘are/ - gi\fen in Appendix I, The derlvatlons of the spray
."f'Quench:Lng equatlons were. sz_m]:ar. The. der}vatlon of the se equa.tlons - _;5
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permitted the exi:.rapoiatn.on of the experlmen'tal data to 10 1nch th:x.ck

section sizes, As can be noted in F.Lgure 2 the cooling rate in a 10

\I

-~ inch thick spray quenched plate is nearly identical to the Cooling rate -

TN
in a 1/2 :anh th:Lck air cooled plate, Assum::.ng that mcrostructure 1s

N BT de P e LS 4 oy ¥ o Foe A % TS A TR TR ."-"I""
‘ o I R AN e T P N T T A Y AT AT YT I e e, Pt M rr e e TERTY (adac e MR a V-__..f.E" 1y ,&qk.-?«%afgf_ﬁ_ﬂggrk‘w YLk
-
S e Py e et e T
- O b o kS ‘e

T ent:.rely dependent on the cool:Lng rat.e, t.hen the properties (micro-

st.ructure) of a ’c.en inch thlck spray quenched plate would be nearly

identlcal to those found in a 1/2 inch. thlck plate.

he—éeﬁa%rea%between themmmm exper-

- .. imental coollng rates 1s about +lh% ma.x:.mwn. ( Th.'.LS dlfference is w:n.thJ_n

RN g

D experlmental error. , The greatest source. of error in ’ehe experlmental

v N data probably arose from the transfer of mlllvoltage readlng i‘rom the .

o s Mosely x-y plot.  The olosest -approxinzafﬁsion that could be made was about |
Iz nﬁ.llivolts. | B e | . W -
o | Obher coollng rate data are ava:Llable.2 Sonie of theSe data are

| complete enough to. permlt a calculatlon of HTT coollng rates as well as

the coollng rate at 1300°F Pellini, of the. Naval Research I.aborator:.es,

N e ddd ﬁommnhng rate studies- dmn_fng J;na;asgwi ooooo zphe_-.resﬁ%sm obtained |

.H'

. are given in Table II Included 1n thls Table are the res_uJ.i;s_ of A th:Ls ‘a ‘

B T, Ay

2 R AR

o cfi"rrent study. The current values for 5 1nches and above are: eiftrapolations.
| Pellln_l's cooling rates are con31stently lower than those reported in this
L | study. This d:.fference is a’ctrlbuted to h:Ls mode of quenchlng, dip -
- o cluench:Lng in c1rculating water versus the spray quench used in th:Ls study. ot e
% | — One polnt ’ 7-3/ 8 :anh thlck:ness, was avallable from an 1ndustria.l lab-
o // L ‘orat. ory, Th;Ls HI'T coohng rate is even ’lower than Pelllm. 's for the. same . ~=

- - 'thlckness. No :Lnformatlon is avallable concernlng 'bhe spray rate used e

‘ . . v f - T B 3 L T ' /'/
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PR —for the 7=3/8 inch plate, It is concievable “that their rate was Gof~ |
siderably below the current industrial level of 0.3 cubic inches of -
- water per square inch of surface per side per second.

Coollng rate data were also avallable for air cooling. Table III ‘,

| - Wcontalns these data. The values reported in 'bhls reference are con-
siderably ioT:rer. tha.r}these recorded in the ‘current st.udy-. Moreover, the A
- 1300°F coollng rate. calculated i:rom these date is. lower than those
T reported by S'bout.3 Agaln, although the tempe rature-tlme data for 'bhlS o
cooling studylis complete N there is no 1nd1Cat;'Lon of the .lafoeral dimenf-
| sions of the' 'specimens nswed. o A . i
. Mechamcalw -Property . Data \

The satlsfactory correlatlon of the coollng rate to plate th:.ck:ness o ) .

made poss:Lble a graphlcal presentatlon of the relationship between N | ;,_-. |
| | L .mechan:tcal propertles and sect‘lon size feze var;.‘ou\s pressure vessel steels, - : i
I:

!

“The relatlonsh:.p betieen mecharical propertles and coollng rate was . o T |

e

previously determined at Lehigh University. A brief review of this wrk ]

H . o $ ] '\

- isdinorder. .. e |
N | These earller studies consisted of dev131ng methods for produc:\x;ng. e | l
B 1n l/ 2 1nch thlck steel Wnla.tes tl';ermal cycles repre sentatIve of those : |
found in spray quenched and Anormallzed steels of heamer sectlon Sizese’ | o |

In order to do this, cooling rates were meaeured, ba}sed on .the lBOO‘_’F | | [I

~cr;‘Ltel_'i»o'n,, at wvarious locations in h‘\_.inchtdllylick spray quenched and"l'nor;nal:-' o

o | ized steel plaﬁes. ~ Based on these ‘c.ooling rates, three techniques were

B developed that enabled the. e:cpei'o:n;enters to obtaﬁi; :1.n J./ 2 1nch thlck :w;

R R wsteel pla'bes, mcrostructures slmlar to those fomdﬁe)tl the varlous e
« " ~ " - - o

[ R
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Because o.'f‘ the avallablllty of the orlg:l.na.l data collected at

\/ B o Lehigh Unlversj_ty it was possi-ble to convert th‘e_,_1130,0°F COOliI‘lg rates

©

- : Cooiling L AR Cooling 0 UGooling M

‘ - to HT'T cooling rates, These changes were as follows:;".

[N T
3

(1/2 :anh thlck plate) - . o (1300°F) . ( HTT)
S o . ‘_ , N .“;- ¥ ; °F/Seﬁ U OF/SQC

¢ W

. ‘e : . . A ‘q.

Cool between Steel Plates A% e 6,6_ | a - i

. 0ilQuench - - - 36., »33,*- | BRI

P

The convers:Lon of the 1300°F coollng rates to HTT coollng rates_’_’
. -

permltted the use of- the equatlons developed earl:Ler. Through these

equations 1t was. posmble to relate sectlon s:Lze to cool:x.ng rate -and

con;sequ tly to the mechang,cal propertles that had ‘been reperted at - = = : :
these rates for the various steels. | l | () - .. |
There was a lack of 1nformatlon for‘ HI‘T coollné ratem;e’rsos L
. mechanical property data in the range of O 5 and 6. 6°F/sec a.nd 6. 6

- and 33 °F/sec. Ini'ormatlon for the lower range was obtalne,g durlng

the course of thls inve stlgatl on.“'“ Iy tecﬁnlque‘ﬁasdéVéIopedthat‘“ I

resulted in a HTT coohng rate of 2 8°F/sec. The technlque oonsn.sted
of coollng, from the approprlate austen:l.tlzlng temperature , 2 inch by |
18 1nch by 1/2 mch t}uck steel plates in a blast of air, This blast s . SR

at a dlstance of 12 feet , Was capable of dellverlng appronmately 100

a cublc feet of a:Lr per mlnute over t}e length of the plate . x e

o

| s ih K 11 [}

R - R e

. ¢ . -~ TFive steels were cooled from t‘he:Lr respect:l.ve austemt1z1ng :

' 2

3
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.II_J_|;_-I_II!-lE—-—-

=
u
v I




N oot o : ) o et L
' . ‘. . — * A v ' . s b : o [ . L eiee em e - . [P
AL _.‘..t...._,g /r FT B, . ‘ - . : . ) : 3, —~ T ) R
— ..

(li&kl)llll.‘ N o

temperatures in th:Ls fashlon. ) The steels and thelr__composat;ons —

glven in Table IV Ai‘ter heat treatment, the steels were subgected
to mechan:n.cal tests similar to those run by Gross et al.h o
~« The mechanlcal propertles deternnned were yleld strength, tens:.le

strength, elongatlon, reductlon in a.rea, and trans:Ltlo temperature based

e on the 15 ft-1b, 15 mil and 50% fibrous fracture cr:Lter:La.
Through the use of the equat:n_ons developed durang the coellng rate
study each coollng rate was Telated to a pos:Ltlon w1th1n a given plate e

SRS thaekness, i e., md—thlckness or quarter thlckness.

Results of Mechanlcal Propertles Versus Plate

Thi cknes s s L S s

The mechanlcal properties of the i‘lve steels ’

.'~"1,;*A3O2 and HZY.'BO, are glven 1n terms of plate th:Lckness

A285, A212, A203,

in Tables V.

the course of thJ.s mvestz.gatlon as well as those reported by Gross et a:'l;. T - ;

"Llsted lIl each ‘table are the as-eooled and as=cooled and stress relleved ‘
N o propertles for each steel o ?)

| | As can be noted in each of these Tables, a g:Lven nechanlcal

property 1s reported for three dlfferent plate thlcknesses. Actually

a given ceohng rate may be obtalned at any one of a number of; {o_c\atlons
dependlng on' the plate th:Lckness. For example, the coohng rate at the R
e cc?rvof a half 1nch Spray quenched plate may be 1dent1c:al to the coollngw -
. "'\Sﬁr—ate at the surface of a much heavier sectlon 81ze. | In addition, there
| is an orerlap ” of cooling rates for spray quenchlng and air coollng.-,

;.Ml.An example of thls can be seen :Ln Figure 2 ; w-ﬂ&ppro;mnately the same

. 00011118 rates were obta:Lned at the m:Ld-pon.nt of a 10 1nch thlck spray
v | ]
| ’ e |

| R ) - N A ) -'&‘.";‘l‘“;\a J ‘.,y,‘ 7
~ e g S ‘ T
& e
_ 'l' ) o~ M
\ s . h .




. ) o quenched plate a.nd in a 1/2 :|.nch thick air cooled plate. L
In order to present these data in a more useful fashlon -

P‘J.gures 3 through 6 were prepargd These Figures show the ef{/é/ct of

- Sectlcn s:Lze on tenslle strength, y:.eld strength, 15 ft-lb Charpy & .
V-notch trans;tlon temperature and- lS m—:l:-ehamy Vamtch—trenﬁtron- — f/ -
| wtemperature re~3pectively. Each of these Figures contaln "data wfor the : “v
) as-cooled and as-cooled and stress relleved condltlons.
_l _ , «h; ~~-~~ D:tscuss:.on of. F:Lgures S e S e
X ‘ T Both the A285 and A212 steels shorwed a loss in tens:Lle a.nd y:l.eld/
) strength as plate th:n.ckness ‘w;s «:anreased 'I'he effect of- sectlon s:Lze '; | ”.
f : ! on- the tens:Lle propertles of the as-cooled plates was greater than that
;"\*' . encountered after stress rellenng. The -notchi-tcughness of A285“was not
# affected apprec:n.ably, there be:Lng essentlally no change with sectlon
Lo sme for the as-cooled condltlon, and only a slight increase in trans:Lticn
R temperature be:.ng;noted for the Stress relleved condltlonf fm - ) ,u | -
A B The tra.ns:Lt:Lon temperature of the A212 steel :anreased w:n.th th:Lck- | b
| N ness about hO“F -for the’.. section s:Lzes ._shown. Th:Ls diffemence in beh,ava.or
- S between the A212 and A285 steels 1s probably due to the greater harden- o
o tlally the same. excewpt for carbon content. The low carbon content of
F ; ‘kb A28S detracts from th:.s steel's hardenablllty, therehy causing 1t to be B
unresp22181ve to the coollng rates studled in thls progra.m. A212 becauSé
" Q{ 1ts h::.gher arbon"'ccntent s 15 more ‘hardenable.' This hlgher harden- |
- ablllty :Ls reflected.s_»._:.n th:Ls steel's response to accelerated coollng.
AAs‘,the 'sectionsi‘ze isinCreased (the. cooli_:ng rate _de&crea‘ses) the .
PR :”‘M il T i < S \
‘A : L m(}'. ) -I i N Ny 4 S s
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T erostTuctire of A212 becomes less refined, thereby causing a .

)

deterioration in its notech toughness, | |
'I'he A203 steel in the as-cooled condlt:.on underwent a ma,)or
. o loss 1n ten811e strength, approx:.mately SO OOO p81 as the section

.. .A ot P N »:A - el K &.’......Af,,,. e
s:Lze was 1ncreased Accompanylng thls strength loss was an :anrease

. RN PR
N N s P e W i Bt e 4 A e B et

. 'i'ﬁ not»c’:h ‘toughness.‘ This improvement in toughness was reflected in

both the 15 mll and 15 ft-1b crlterla. Afber stress rellev-.mg the

S M i : el e _._.___c‘s).._, ] .__._..‘_:)._._. et e ‘,f.‘_,:,.__.__....__.‘/‘..)n.,‘, __._.J_-_q

| strenvth was not apprec1ably affected by sect:Lon size but there was
- > .

a decrease in’ notch toughness. R o -

'I‘he behavior of the ABOZ steel was. s:t.milar theA203‘ B
" The sect:Lon s:Lze had no effect on the notch toughness of" Spray \ "

quenched HYBO steel up to a thlckness of 3 1nches. | Howe‘ver, above 3

1nches in thlclmess the notch toughness dropped off rapldly. Thlé was - '. e
) true for both the as-cooled and as-cooled and stress relleired condlt:s.ons.
- P’ The tensile strength of .the ‘asfg-coole_d' 4780 dec‘reased. With.' s’ection_size. v ]
In the as-cooled and stress r'éll_ieved”condition'f this steel show.ed 2 slight
increase in .te'nsiiejs. T ‘_platathrclmessf Due—te ’H%“"" T
o hJ.crh allo3r content of HYBO thln sectlons that have been spra3r quenched | - 4_ __
. e+ i et P - e g e o= SE e 1

| w:.ll transform almost completely to martensite, 'ThJ.s martensitevvl‘m_ll

- - 'be temoered durlng the subsequent ‘stress rel:Lev:Lng treatnent ~As o

o

'sect'lon',size is increased, the primary transformation’ product wﬁ:llwae

. ; . _ - . N

5‘3'

'ba::.nlte and/or flne pearllte.' These transformatlon products are not as

- I R ~

affected by the stress rel:l.ef treatment as is rral'tf ns:Lte. ———
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 SUMMARY
_The results of the invest'igation reported can be SmmneHZed
... as follows: .

1) A survey was made of commercial spray quenchlng.' A spray

. rate of 0.3 cubic irnches of water per square 1nch of surface per side

-pe_r;. second was found. to be a practiéable value for Production, ,§pra y v e
quenching, ﬁ
T 2) o theshove spray rate, Gooling rates vere measwed at €he

| md-pon_nt and/ quarter-polnt of various sectlon*‘sizes from 1/2 inch to

h-l/2 inch th:Lcknesses. - From the. obser'ved eeellng rates equat:t.ons were |

”~

3‘_{der1ved to pernu.t an approx:l.matlon of the ooollng raté > 1n °F per second, e

1,*4 tiea "?‘ IS ST 2N ! e K ‘: " ) o ’ 4:

. et the mld-’chlckness and qtiarte*r-thlc}mws posutlcms of plate thlcknesses A

RN

'from 1/2 to IO'In‘ohes.f Thase equations, based on the half-temperature

~ -

- coollng rate, are as follows- R L T

A

r " For spray quenchlng

mid-thiclmess | P T L | .

\.l & i g

“ o T ~ Log (C. R) = 1,202 -1 007. log thlokness

>

Quar‘ber-sthlc}mess | IR -

Log (C.R.) = 1.285 - 1. 018 th:Lckness. e,

. B

. v
In addltlon, an equatlon was derlved for %55:' coollng. Because of the
/

sqnllarlty in cool.lng rates between t.he m:Ld-th:Lckness and quarter-th:.ck-

\\\\\

ness positions one. equat:.on sufflces for both 1ocatlons.
Loc (C R ) = - 0696 - 813 log thickness,
3) A tecbm.que was dev:.sed for cool:mg 1/2 inch thlok st.eel plate

- . atoa HDT rate of 2, §oF per second Mecha.m.cal property data were obt.a:.ned
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a@wabgye these data were. related 10 a sectlon 8128.“

that was establlshed permltted the presentatlon of mechanical prop- .

......

PRI 92

o -

for five steels cqoled'by this tedhniqpe. This information was
usedfto_ccmplemgnt the data préviously gathered fér the same'steelsf

- Through the use of the cooling rate equations discussed in 2

The relatlonshlp wwwgnf;.mu

Fy

uertles as g functlon of sectlon 51ze.u ThlS presentatlon makes poss1ble

. a raplg estlmatlon of the mechanleal propertles one can ant1c1pate

Lodeny ._,;.p.\.',v.; &
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fbrfheaﬁ"treateﬂ.steel plates of varlcus sectlon 31zes.
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e Normallzed Quarter-Thlckness

‘ -Quenched

-

Method

BT

Som g e 2|

i A

i :
S H
i ‘

%

IO TABLE T

B

ng Rates fbr Normgllzed and Spray’Quenched Plates of Varlous,Thlcknesses

1

Coollng

Experlmental Cooif

Pl&te

Po§1tlon
s i

4

Cooling Rate 1n: oF Per Second to HelfLTemperature% la' ﬁ:

=

PR REE AL

1/2 inch 1 1nch

-1/2 inch

- 2

3 1nch
wl

inch

"L-1/7 inch

L
j

Qua

“ . Mid-Thickness

|i§ -

;ter-Thickness?

xMig-Thicknéss

36

31

L)

13

K

12
0.6l

}0,60 }

£

]
*The coéllng rate to half-temperature is determined by d1v1d1ng the first half of the
to produce the first half- change;

s Example*

o

fhalf-temperature would be 770°F

! ?

‘\ég

Liw temperature change during cooling by the tlme requlred'

Quench from 1600°F‘w1th water at 60°F

"The half-temperature 1S 1600-60 + 60
\ 2 »
If‘the time to cool from

l
l
|

20 sec,

Y. ;o

‘v'.d" "l‘t,' L

DN
S

1

830°F

Ta

J - i N

Uty
-

i

1600°F‘to 830°F‘we§e 20 second35 then the Qooling rate tof
= 38, 5°F75ecq ,

i ) .
i

.....

3.7/
3.1
0;2$A

0.26
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. . .~ - Table IT - Comparison of Various Cocling Rate Studies -
| | o Xat ,wa S, s

: b - Results of Various Cooling Rate Studies - HIT°F/sec -

B o (2) (2)
Plate - - Pellini Beth, Steel

- "*"‘Authorv' S S‘bﬁudy

e e T U S T T

Thickness _' - (Dip Quench) (Spray Quench)i@ o ‘(Spray Quench)
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Table IIT - Comparison of Various

Cooling Rate Studies -
. Aiw Cooling

]

L | | n
Results of Cooling Rate Studies - HIT°F/sec

2) - o |
Reference( ) | Author's
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MEGHANICAL PROPERITZS OF
HY 80 STEEL
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S .~ APPFENDIX I | I
Derivation of a General Equation ‘
: for Determining the Cooling Rate,
| in Air, For Various Plate Thicknesses.
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