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ABST!UXT

Tk result. s cc, nfirnl that a major’beneficial effect of the
so —c~.lleci “thcr[,~ <al stress-relleving” treat m,~nt is ,3 restar<aticm

If the ductility of locally em britt led steel.
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The purpose $)f the preseut t(sts :S to I
study the rclatlnn betu, eell the required
duratiun km] temp~,rature of heat kzt-
Illelltmd the Jmlm,,t J,,d t e n,pe IVtulv “c
p~-rstr:lili, B~.si(ies th(jil; practic:,l useful. ~

2. ExHAUSTK)N LIMITS OF )iBS-B
STEEL

2a, Material. The Imr.s used in ,u1l tests
were cut in ~thc direction of rolling from
3, 4 in. pfatus conforrniug to AF3S Class
Ff specifications, nf HILT smue hwts 3.s
plltes testwf Jt the %xtinn;d Bureau of
St:mdards. Cumpositiou :Imi propvrtlcs
:LZL!ShOWI1 ill Tables I and 11.
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As was found with tests of other steels,
tmrs prestmiucd drove 3 certxin linlit
me brittle mv,i frzcture in l-cverse bend-
ing at snull Stnins :l!ld low 1<1.i<ts. Bars
prestrzincd below this limit have suf -
fi(,ieilt (Iuctility SC, as nc,t to fmcture
even WIJC,L1pulled open by I:lrgt.:imounts.
(.orresimudilg to large extensi,m:ll strains

an,i higtlImcfs. The prestmin Ctiusing the
suddm reductim i,fdLl(tility is referred
t~~ JS the @I:!uwio!J .limi!. The :reat
vc>jjvenic,]>ve <>f the revel-scci-l>i’l)dteStS
is th~ e:lse with which tile t,.xfl:lustion
Iixnit may be det?l-mined by sinq>le
nxe,isurt, nleut <if the loxf At fr:x?ture. As
shown in Figure 3 (right) bars prcstriii!l -
ed :+t 70’JF by nKIre thanofl.ss \55r~) ~IICi

wed (1 1, ? hours at 300 F) rr:ic’kccf or

\

riG. 1.

—



0.45 and 0.48 (Fig. 3, left). The detailed
results of 62 tests plotted in Fi&ure 3 Ire
given in Tai~le 111.

Durin# fiml tinting. All bars were im-
mersed in a liquidbat]).This reduced the
lgcalized he~tiug caused by pl:w(ic work.
17riwided the test was slow, and elimiwdpd
the cotlvecti,]il heating cd Ibars tested :~t
-16°F. A spcci:d horizontal hydraulic
testing nutchiue w;ls built for this purpose
(Fig. 2). The legs of the U-sllillled I,aI.S
are upright XIKI the 10WWI. Curved part

hangs iuside a cooling tank (nloved to
tbe left in Figure 2). Water wa,s used for
the tests ~t 70°F, and glycerine at 60?6
Ci)ncentratio,, for the tests at .160F.
Glyceril)e was not found to affect sig-
nificantly the results.

The exhaustion limit is a sensitive
indic;xtor of the iofluence of mmv

vari:d)les on the embrittlernent of steel.
A reduction of the exhaustion limit in-
dic~tes a stronger enlbrittllllg ;actloll,
sinv~. a lower prestr,aiu exhausts the duc-
tility to the point of brittleness. An in-
crease of the exhaustion limit indicates a
less embrittliog zctioi,. Thus,. a~ilig and
10U, testing temperatures reduce the ex-
haustion limit,

,,,..,.,:.,,, ......... .

FIG. 3. EXHAUSTION LIMITS OF ABS-B
STEEL INITIALLY BENT AT 70° .4ND
AGED.

2+. \i!arnl p~[?stralning. AS discwsml
cLswdlerc (12.15) tbe wsier en}bYittl,>-
nwnt caused by stlqi,,ing ;*t about 500 to
600~F is relateil with the iliiti:ltioll Of
brittle fr:~cture at defects close to Vrel.ds,
The nmst ,embritt liwg tcnlpe Cd ure mld
tbc Currcsp(jnding reduced exhaustion
linlit nray prove useful i]>dicatious uf how
prooe a steel is to such Gnlbritticnle]lt.

Bars were prestra$cd at various tcnl -
per:, tures up to 850 F. After heatiug in

TABfl III. E;XIiALTSTIOFI LIMIT (or

BARS or 7,B.S-!? 5TCCL PRMTRAINED
AT 70 AND AGED.
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TABLE IV [a) arid (b).

EXHAUSTION LIMIT OF BARS 01’ABS-B STEEL
PRESTMI NED HOT AND ISSZD~

TABLE Vii .
EXHAUSTION LIMIT OF BARS OF ABS-B STEEL
~RLSTWNE D HOT AND T~TQA61FJ
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The prestrlill at the ‘worst” tenwer3ture
clusing brittleness at ‘70[’F. is just over
lrilf the prestraijl at room tenwer<lture
(:lbout 0.32 ~S c(]nqm’ed to 0.55). For
tests at - 16° F the difference is even more
u renounced: the p restrait> :It the ‘worst”
!enqwratu”re is less ttum half that A 70° F
(L,,jt,u: ~,~z :~~ ~on,,>;,l’d t* Jlmut 0.47).

As the prcstr.lill tenwe?tiurc rises :lbove
:,bout 6oo~F. t[le exlmusti(m limit IL,-

creases ag:]ill.showing. a weaker elll-

hrittling effect. Above obout goo” the e~-

haustion limjt is higher than at mom
temperature.

3. RESTOtiA”TION OF DUCTILITY BY
HEATING

,,,,, ~a;~TiI.i .m h.tiw
3a. Heat treatin ]rocedur~. Prelinlil~’rY

produces a very slow tenlperaturc rise
in the bars. Cold bars would reach the
OVm tempe rat ure in about 30 nlinutes.
This long lvcafing tillle ohscu!’d the tLllle -
temperatul-e rel:ltlOnslliP for imat treat-
“Ient. A nlore ralnd electrical rEu3iSt311Ce
heating was tried. A 2 VOlt 4000 aW).

cvrre!it Imm a nlodif ied lighti W t rms -
fOrn]er with a single turn secollcixrY

FIG. 4. EXHAUSTION
LIMITS Or ABS-6
sTEEL IN ITfALLY BENT

HOT.



winding W>S passed through the bent bars
held in special clamps. The temperature
was me;wu red ,.,ith thermocouples on the
specimens, and was foumi to reaCII tI,e
desired level in leSS ttlall 3 “liilutes, but
non-uniform heating resulteci, with s ilot
region at the int rados. The O!lI:J sat is -
factory method of uniform and rapid
heating was by inunersion of the pre -
str~ined inrs in a commercial lead bath
thernmst:iticnlly controlled to within 50F.
Tile bars were first immersed part~ally,
writh the legs of the U-shaped bars in the
Iexd b~th ai~d the intrados outside. Three
minutes later, when the inti-ados had
been i~eated to about 100° F below the
imth temperature, and the lead bath had
recovered its set te;;rperature, the bars
were totally imnv+rsed, and i,> two lnore
minutes were within 5 degrees of the
batb temperature. This was taken as the
beginning of the heat treating period in
all tests. The effect of the short he$ting
time below the test temperature is neg-
ligible. For cxanq]le, bsrs i>ent cold to a
prestrlin of 0.55 and tested at -160F,
were mmde ductile by a be~ting of about
10 miuutes at 11500F, 20 minutes at
llOO° F wxi not eve), 2 ho”ys at 1135130F
(Figures 6 and 9). The rzte of restoriticm
of ductility decreases quite r:q]idly when

FIG . 5. !xli;\usTIc)N

I,ILII’TS(?FJ,!3:;-B STLEI,

IivITIAL,LYBENT HUT.

the tempe uture drops

3b. Descri@ion uf the t-s. The tests
included bars str:lined at 70[]F a,,d at
th: ‘<worst’, tenlpe rature cd 550[> F, ;UK1
tested titer heat treatment at 71J[1~{lld at
-16 ‘F. The tmrs were prestraiue{i by
various amounts above tile mdmustion
limit for the specific conditions of each
test, so that without heit treatmeut they
should i]ave all beeu brittle. With bars
prestrained at 70°F the exba”stion limit
W;M ZdXRlt 0.55 for tests at 7fJ0F, ~IId
:lbout 0.45-0.48 at -16 F; :UId with I]:,rs
prestrained at 550 F it was about 0.30-
0.35 for tests at 70 F and about 0.21.
0.22 for tests at -16 F.

Tbe duration of i]e:it treatrni?nt v~ricd.
from 3 to 120 minutes. Temperatures
between 1000 and 1150 F for cold straineci
bars, cmd between 700 to 1000 F for hut
strained bars were tried.

3cG..Te~es@@. Tlie results of 206 tests
of cold strained bars :u]d 311 imt stralIleC\
bars are giveu in Tlbles VI to xXII, Tile
results are also plotted in the gr@w <d
Figures 6 to 16, according to temperaf”re
of prestrain. of heat tre:ltment, al,d of
test. fn these figures the heat treat ingtin]c,
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Ti\BK ~.:l.7ESTC!?ATION OF. DUCTILITY OF
w.:lS OF 23; -E STEEL P!lEWFQ’>INED .fi.T70 F

HEAT TF?Ei,Ti;D AT 1000 Fi TESTED AT TO F.

TABLE ~{11. RESTORATION OF DUCTILITY OF

BARS OF ;.BS-B STEEL PREST’A”!INED AT 70 F
HEAT T!WLTED AT 1050 F; TESTED AT 70 F.

. .. ‘,.<l - .

$...,. - . ..., ,.

, “w

: ..
::

is plotted against the amount tiprest rain,
which is always higher than the car-
responding exhaustion limit shown in the
legend. Bars deforming without fracture
under a load up to or beyond 5000 lb. Zre
termed ductile and are represented by
open circles. Bars fracturing at lower
loads are termed brittle and are re-
presented by full circles. To produce
prestrains of 0.60 or more (cold strained
bars) it was found necessary to shorten
the bars, otherwise their legs would
touch during bending. These shorter bars
are indicated by an asterisk in Tables VI
to XII, and were tested to the calculated
equivalent load of 6300 lb. It was also
found tlmt some of the most highly st min -
ed bars bad developed cracks before the
final test. as was obvious from discolored
zreas of the fracture surfaces. These bars
are marked by the sigo x and are not taken
uncle r consideration.
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The scatter of the results is considerably
greater ancl the t rmsition from brittle to
duct ile less sharu than with non heat-

14, above), where the sc~tter was ton
great. The beating time increases so
IWpidly writh prest rain. that m effective
cut -off prest rain iqq]ears to exist beyond
which restonitiou of ductility, if nt all
possible, would not be practical. It is not
know!l wbethe r any deteriorate ioo of the
steel uuder prolonged be;ltillg colltrill”te~
to this effect. The collected curves for
Jll straining. heat treating. ?ud testing
temperatures are shown in Figure 17.
The unexpected depeudencc of heating
time on :tmount of prestr~ in. and its ex.
petted inverse dependence on heat treat.
illg temperature are clearly indicated.
This is also shown in FiX. 18 where the
approximate minimum heat trezting time
is plotted aglinst the heat treating tern.

treated bars. The;e are indications that
the ductility is restored gradually during
beating. Although the loads appear to in -
cre:*se gradually with heating time U13to
5000 lb. (or 6300 lb. for the shorter bars),
very rarely did fr~ctures occur xt the
higher loads (UI) to 7000 lb. ) :~t which the
b~rs were frequently tested. The 5000 lb.
(or 6300 lb. ) still shows the restoration
of an appreciable ductility, with ex.
tensiOnal str~ins well over 0.10.

IIIspite of scatter, the results indicate

an unexpected depencience of the least
necessary aumtion of tleating on the
anlount of presti-ain.Approximate curves
of the minimum heating time needed to
restore the ductilityhiavebee!> plotted as
functions of prestl’ain. except for the
heat treatin~ temperature of 850°F. (Fig.

— .—.—.—



TABLE XI. RKSTCR;,TION Of DUCTILITY OF
BARS OF /WS-B STELL PRSSTRAIhE D AT 70 F

EAT TREATED AT 1II1O F; TESTED AT -16 F.

. .. ,Nct.m ., ,,m ,>. .,”, . . . . . .0 . . . ,, ,.,

. ,=...,, ,”, .,.., . . . ,,.” ,, ,1,,.,. - ,.. ., a,. ” ..,,,=,

T],BLE XII. RESTORATION OF IIUCTIIJTY OF
BARS OF ABS-B STEEL PRESTRAINED AT 70 F
HE}ATTREATED AT 1150 F; TESTED AT
-16F.

,.

,20, I \ I

I ABS - B
,“,$,,,,!,,,., 70~

,0 WA, ,e, mco h, 100oV

r“”-” “’

TE,TGO AT 70:

. .N, TTLC

so 0 “’’”e ~

$

30
;

,:W
045 0.50 0.55 0 GO o.,

.,..,.[.,.,,,,,,,,,,.,.

FIG. 6. RESTORATION OF DUGTILfTY
AFTER PRESTRAJN AT 70 F HEAT
TREATMENT ;,T 1000 &. 1050 F; TESTS
AT 70 F.

interesting though not altogether unex -
pecteci result is the restoration of ductility
of hot strained bars at tcmpe mtures as
low as 70@F. As shown in Figure 13 and
Table XVII, b~rs prestmined a little above
the exhaustion limit and heat t rested at
750% imd 70@F f(}r perio& Of 1 Or 2
hours, may be ductile at -16 F. Likewise
heat treatment at 75@ F for 1-2 hours
restores chictility at 7&F to bars strain-
ed just over the exhaustion limit at 550°F
(Table XIII). Some ductility is very likely
restored even in shorter heating periods.
or at slightly lower temperatures, though
not sufficient to enable the bars to with-
staud the full strsining caused hy a 5000
lb. load. An exl>lanatioll may then be
offered for the eXISt@l~ce Of x “wO~st”
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T;,BI1 X111. RESTORATION (OF buCTIIJT1’ OF
BARS (JF ;iBS-B STEEL PRESTRAINED AT 55o F;
HEAT TREATED AT 750 & 800 r; TESTED AT
70 F.

30

0I-_
04,

FIG. 7, RESTORfii’ION OF DUCTILITY
AFTER PRESTRAIN AT 76 ?. iilXT

TREATMEi\T AT 1100 & 1150 r; TESTS
AT 70 F.
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TABLE XI:. RESTOi+ATILJX OF DIJCTILITY OF
BARS CF ;.BS-B STEEL PRLSTRAIXED AT 550F
H~AT TRE.iTED ,AT 950 & 1000; TESTED

AT 70 F.

T.IBLI X’.T. RESTCBATION OF DUCTILITY
OF BARS OF ABS B sTEE L PRES.TRAINED
AT 550 F HEAT .TREATED AT 1050 F;
TESTED AT 70 F.

T;, ilL.E X}.”II. RES’FCR.ATIO?JOF DL~GTILLTYC!F
B.4W OF AW-’B STEEL PRESTRAI?JED AT 550 F;
H.Z,lTTREATEDAT 700-S00 t’, ‘1’ESTEDAT-16r.

Ti!BLl XVIII. RESTORATION OF DUCTILITY OF
B.ARS OF ABS-B STEEL PRESTRAINED AT55b r

. . .



EAT ~REATED AT 95o F; TESTED AT -16 F:

...+ .. .._& .:—....+ .. ;

TABLE XXII. RESTORATION OF DucTILITY
OF BARS OF ABS-B STEEL PRESTRAIIWD
AT 55[1 F HEAT TREATED AT 105O F; TESTED
AT -16 F.
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teniper:iture rises. Ttle fin:~l behavior
(>1 the. steel should be governed by the
uet effect 0[ the two counteracting ill-
Cluences, Ll::ti.cr the present tpst con-
ditions the two in flueores cluse the worse
cmbrittlc.ment it :]bout 550C>F. Above this
tempe mture the iate of rvcwm?ry is
stnmger and restores more ciuctility than
is exhaostecf. .1 xlin of restoration over
exfmust ion of a few per mmt fox every
5@ F, is sufficient to prmfuce the shape
of the curves of Figures 4 Znd 5.

FIG. l+. RESTORATION OF DUCTILfTY

AFTER PREST.P.AIN AT 55G f’ HEAT

TR&2ThlENT i,T 800 & s50 F; TESTS
AT- f6F.

. .,,,,,,., I

/’
,

,. / .
/.. -

i’IG. 15. RLSTORATIIJ?t OF DUCTIIJTY:,FTLR
PRMTR;>lN AT 550 F HEAT T!2E,’\TfLIEfiTAT
900 &950F; TLSTSAT -16 F.

FIG. 16. I?ESTORI!TION OF DUCTILITY ;.FTER
PRLSTWIN.”.T 550 F HJXT T! U:ATJJE!{T i>T 1000 &
1050 F; TEsTS ,lT -16 F.
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rIG. 18. APPROXIMATE

CURVES OF LIINIMUNI HEAT

TREATING. TIME vS. TL!vIPURATURE
FCR ABS-B STEEL BARS PRE-

5TRAINED BY CONSTANT
;LMoIJNTS AT 550 F AND
TESTED AT -16 F.

4. CONCLUSIONS

It Il&s been fmmcl that ABS-B steel,
like ot!}~r steels studied in the past,

suffers a sudden reduction of the ex-
tensional ductility at J narrowlv cfeter-
miue>t limit of compressive westrain.
The exhaustion limit W:K+determinedfzr
prest raining at 70° and -16°F. .k’’worst”

p~cst~sini,>~temperature wasigain :ound
lt ill)mlt550%”, where the extmustiOll

lilnitwas about lv~lf as high m at 70[~F.

I
Iieat treidment at temperatures above

j l“UO’F of 1,1IS cmbrittled by cold strain-
ing was found to. restore sufficient duc -

~ t~ity to pernQt extensional strains Of
over 0.10 (10(:,) with,)ut fracture. The
Iequimd duration of heating was found

—.. ..—



iic~lly long heat ins times appeared-to be
needed. The required hcult treating time
dec reascd rapidly as the temperature
was r~ised.

Ilcstomtim of ductility was much faster
MM could he iichicved at considerably
IOWGI- tcmpek.itures iu IMVS which httd
hcen embrittled by pt>estmining A 550(>F
thw> :It 10° F. Bars prest mined little fle -
vond the C.xh;rtist ion limit at 550° F could
ie umde ductile in two hours even “at
700° F. It appeays tlr~t the process nf
restoration of ductility takes place con-
tinuously and gradually during heat treat-
ment, and that some restoration of duc-
tility nmy ,nccur even in short he~ting
cycles and at lnwcr temperatures than
700° F. The worst” prestraiuini tenl-
per:iturc would then :q>pem to result
from the most unfavorable net effect of
two opposite teude!mi es. namely the
em’>ritt Iement by st saining and ~ging. aud
the rate of recmw ry, both of which :IPIK?3r
to increase with temperature.

It may he c&lcludcd tint suitible heat
tm;itment cm resttore sufficient ductility
to prevent llri~tle failures, but requires a
spccif ied t Ime wluch depends not only an
the tempemture but i)lso quite strnngly
WI the type and amount uf prestr ain em-
brittle merit. The expe rimwtally de-
termiued tillle-tenll>cr.iture -llrest rain
curves with ABS-f3 steel iudicate the
followiug trends:

A. Restoratim of ductility is easier
in hot than in cold straiued bars.

D. An incrpasc of temperature t’e -
duccs ihe required hc:titing time
amf increas~s the limiting prc -
strain.

E. He~ting ft>r :dxwt 1, 2 to ! hc,ur
at 1050[]F or more w<ndci seem
Iiecessary for hors str:lined hiX,
and at 1150’]F or mare fcnr t3:%rS
strained cold. It is nut knmvn.
however, if these heat tre;itments
:Ire sufficient ‘for the nmst soverc.
prest rains.

B. Sc,me restoration of ductilit ap -J,
pears to occur even at ’700 , dnd
maybe even less, for. hnt strained
bars.

C. The required ileatilg tillle it?-
crmses with the cmmnt of pre -
stmin, and becomes impmctirally
long beyond J certain limiting
prestrain.
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