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ABSTRACT

The severe embrittlement caused by a suitable history
of strain and temperature has been confirmed also for steel
conforming to ABS-B classification. Steel prestrained in com-
pression by about50%at 70F and subsequently tested in ten-
sion fractures at an extensional strain of the order of 1%. Pre-
straining at 550 F by even 25% can cause brittleness in exten-
sion at -16 F. Local severe embrittlement of this nature has
been shown to be the basic cause of the static initiation of
brittle failure of structures at low average stress. This is con-
firmed by service failures, whose origin is frequently traced
to cold worked areas, or to the hot strained regions of defects
close to welds.

It is shown that a suitable heat treatment can restore
appreciable ductility to steel embrittled by hot or cold strain-
ing. The duration of heating decreases with the temperature,
but increases very rapidly with the amount of prestrain. To
each temperature corresponds a limiting prestrain for which
heat treatment becomes impractically long. Cold strained
steel requires considerably longer heat treatment and higher
temperatures (1000-1200 F) than hot strained steel (700-1000
F). Approximate time-temperature-prestrain curves have been
experimentally determined.

The results confirm that a major beneficial effect of the
so-called "thermal stress-relieving" treatment is a restoration
of the ductility of locally embrittled steel.
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INTRODUCTION by suitable straining appears as a major
factor in the mechanism of static brittle
fracture initiation. This is in striking
agreement with the general finding that
service failures are initiated in cold-
worked regions or at defects close to

The understanding of the mechanism of welds, where complex hot straining
brittle fracture of structures was greatly occurs.
advanced by the fundamental observations Brittle fracture initiation close to welds
of Wells (1,2) and the analysis of Drucker was first simulated in the laboratory by
(3), which related the overall static be- Greene (19) with plates butt-welded along
havior of a structure to the amount of edges containing prepared notches.
plastic deformation at the most severely Similar tests were systematized by Wells
strained region. Typically brittle failures (1,2,20) and with many variations by
under static central loading are those several other investigators(21-30) . The
occurring before the incidence of general early cracks and failures of these plates
yielding of the cross-section, when the have been mostly attributed to the strong
plastic strains at the root of cracks or longitudinal residual tension of the ther-
notches are relatively small and the mally contracting region adjacent to the
average stress smaller that yield. Con- weld. A strong argument in favor of this
versely a ductility smaller than needed view has been the prevention of fracture
at the roots of cracks or notches when by the so-called "thermal stress-reliev-
general yielding begins, should cause ing" operation which consists of heating
fracture at an average stress level lower to about 1200 0 F. Nevertheless, opinions
than yield, hence brittle fractures. Or- vary widely on the subject of the influence
dinary structural steels tested in the of residual stresses (6,13,18,30,31). With
laboratory, however, had been found to our present knowledge it is readily seen
have sufficient ductility so as to avoid that the local embrittlement resulting from
low static stress fracture in spite of the complex hot straining during the weld-
cracks and a low temperature. Conse- ing cycle is the most likely cause of the
quently, it became clear that service test plate failures at the welded-over
fractures occurring under static loading notches, and of service failures originating
at low average stress indicated a loss or close to welds (12).
reduction of the initial ductility of struc-
tural steel in the regions of cracks or Increasing attention has been given in the
notch roots. This has been experimentally last years to the importance of the em-
verified by deliberately damaging the brittlement caused by the history of strain
steel so as to reduce its ductility at the and temperature, particularly inthevicin-
notch roots in order to obtain fractures ity of welds (18,25,26,32). The change of
at low average stress. The reduction of ductility of the parent plate near a weld
ductility was achieved in the laboratory has been confirmed by hardness measure-
by prestraining notched plates in com- ments (33), and by tension (34) and impact
pression. (4-6) When subjected to sub- tests (35) of notched specimens taken at
sequent tension these essentially unwelded various distances from the weld. A number
plates fractured at an average net stress of independent investigators starting from
as low as 10% of yield. Extensive re- different points of view have studied
search (4-16) with prestrained notched various aspects of the influence of the
plates. bent beams, and axially com- history of strain and temperature on the
pressed bars, has shown that the duc- properties of steel (36-561 Notable among
tility of steel depends on the whole history these is the work of K6'rber, Eichinger,
of prior strain and temperature, and may and M6ller, (36) which had escaped the
be drastically exhausted by cold straining attention of all subsequent investigators.
of a closely determined amount, and far
more easily by straining at about 500- If the cause of the failures originating at
600 0 F. The exhaustion of ductility caused discontinuities near welds or in cold
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worked regions is the embrittlement ness for "stress relieving", the results
caused by hot or cold straining,, the could give some indication on the nature
highly beneficial effect of the so-called of the processes involved in the restora-
"thermal stress relieving treatment" tion of ductility and on the physical causes
should be a restoration, at least in part, of the initial embrittlement. The precision
of the ductility of the steel. "Mechanical of the tests depended on the ability to
stress relieving" (21,41) may also re- produce controlled embrittlement, and to
store some ductility as shown by instances heat rapidly to the desired temperature so
of strain-softening (39,40). Heat treatment as to avoid significant influences of the
at temperatures higher than 1100-1200°F intermediate temperatures. Controlled
is employed after forming or spinning. prestrain was effectively produced with

the reversed bent test. The rapid heating
Lagasse and Hoffmans (45-47) have con- was achieved by immersion in a leadbath.
firmed that steel sheet embrittled. by
cold forming could be made sufficiently 2. EXHAUSTION LIMITS OF ABS-B
ductile by heating at about 1100 F, i.e. STEEL
at the stress relieving temperature. A
small number of preliminary tests (15) 2a. Material. The bars used in all tests
with E-, ABS-C and A-7 type steel em-- were cut in the direction of rolling from
brittled by cold compression supported 3/4 in. plates conforming to ABS Class
this view. B specifications, of the same heats as

plates tested at the National Bureau of
The purpose of the present tests is to Standards. Composition and properties

study the relation between the required are shown in Tables I and II.
duration and temperature of heat treat-
ment and the amount and temperature of 2b. Testing Method. Exhaustion limits in
prestrain. Besides their practical useful- cold-straining. The reversed bent test

TABLE I. COMPOSITION OF ABS-B STEEL.

C Mn P S Si Ni Cu Cr Al N

Minimm 0.14 0.91 0.009 0.010 0.041 0.021 0.051 0.023 0.02 0.004
Maxim 0.18 1.07 0.012 0.028 0.056 0.040 0.096 0.031 0.03 0.006

Typical 0.14 1.04 0.011 0.010 0.056 0.023 0.083 0.031 0.02 0.004
0.15 0.94 0.009 0.027 0.046 0.040 0.094 0.023 0.02 0.005

TABLE II. PROPERTIES OF ABS-B STEEL.

Yield Ultim. ElOng. Finish Ferrite Mr Nl ht. Fibrous
Point Strength (8") TIMP. Grain -o".- Temp.l
ksi ksi % Size TV1o I TV15 

TV20 Center 50% 10%

Mania= 32.6 57.9 31.0 1600 7.8 -30 -24 -13 -20 24 -22
MinimAm 35.7 63.9 33.0 1725 8.2 -5 6 18 -10 39 -10

Typical 33.8 58.4 33.0 1640 7.8 -s 6 le -10 37 -14
35.7 59.8 32.0 1600 6.1 -11 2 +11 -10 20 -15

From 12 analyses and 6 tests by the Nat. Bureau of Staude8 on piaoes taken from plates of the
same heat as used in the present tests.
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(13,14) was employed throughout the pre-
sent investigation. Bars of dimensions
9 x 1.00 x 0.75 in. are bent at first
s l i g h t l y i n f o u r p o i n t l o a d i n g ( F i g . l a ), . -.. .......
and then more in longitudinal compression FIG Ia

till they buckle and bend by various =,FIRST STAGE

amounts (Fig. Ib). This is referred to as OF BENDING
the prestrain or initial bending. The final
test consists of pulling the bars open in
a reversed bending action (figures lc and
2). The compressive prestrain Eo at the
intrados (which is one of the as-rolled
surfaces of the steel plate) is calculated
from the radius of curvature R and the FIG.b
bar thickness h SECOND STAGE

OF BENDING

E0 
= h/(2R+h)

As was found with tests of other steels,
bars prestrained' above a certain limit
are brittle and fracture in reverse bend-
ing at small strains and low loads. Bars
prestrained below this limit have suf-
ficient ductility so as not to fracture
even when pulled open by large amounts,
corresponding to large extensional strains
and high loads. The prestrain causing the FIG. Ic

sudden reduction of ductility is referred RE D SING
to as the exhaustion limit. The great
convenience of the reversed-bend tests
is the ease with which the exhaustion
limit may be determined by simple
measurement of the load at fracture. As
shown in Figure 3 (right) bars prestrain- FIG. 1. SCHEMATIC BENT BAR TESTING.
ed at 70OF by more than 0.55 (55%) and
aged (1 1/2 hours at 3000F) cracked or
fractured in subsequent reversed bend-
ing at 70°F under loads well below 3000 ,
lb. On the contrary bars prestrained
below 0.55 did not break at loads well
above 5000 lb. Bars withstanding the
arbitrary load of 5000 lb. are called
ductile; those breaking at loads below
5000 lb. are brittle. Any other load
limit higher than about 3000 lb. would 4
give the same exhaustion limit of 0.55 "
for these conditions of testing. The ex-
haustinn limit is usually determinedwith- .,
in a strain of +0.02 or less. For bat 's
prestrained at 70 0 F, aged and tested at
-16 0 F the exhaustion limit lies between

FIG. 2. HORIZONTAL TESTING MACHINE
FOR BENT BARS IMMERSED IN COOLING
BATH. (TANK MOVED TO THE LEFT).



-4-

0.45 and 0.48 (Fig. 3, left). The detailed 2c. Warni prestraining. As discussed
results of 62 tests plotted in Figure 3 are elsewhere (12,15) the easier embrittle-
given in Table III. ment caused by straining at about 500 to

600°F is related with the initiation of
During final testing, all bars were im- brittle fracture at defects close to welds.

mersed in a liquid bath. This reduced the The most embrittling temperature and
localized heating caused by plastic work, the corresponding reduced exhaustion
provided the test was slow, and eliminated limit may prove useful indications of how
the convection heating of bars tested at prone a steel is to such embrittlement.
-160 F. A special horizontal hydraulic
testing machine was built for this purpose Bars were prestrabned at various tern-
(Fig. 2). The legs of the U-shaped bars peratures up to 850 F. After heating in
are upright, and the lower curved part
hangs inside a cooling tank (moved to
the left in Figue 2). Water was used for
the tests at 70 F, and glycerine at 60%
concentration for the tests at -16 0 F.
Glycerine was not found to affect sig-
nificantly the results.

The exhaustion limit is a sensitive TABLE III. EXHAUSTION LIMIT OF
indicator of the influence of many BARS OF ABS-B STEEL PRESTRAINED

variables on the embrittlement of steel. AT 700 AND AGED.
A reduction of the exhaustion limit in-
dicates a stronger embrittling action,
since a lower prestrain exhausts the duc-
tility to the point of brittleness. An in- TS T - T0553 AT

crease of the exhaustion limit indicates a T.. = b., , L(b.)
less embrittling action. Thus, aging and S .....-.... n..

low testing temperatures reduce the ex- .-... .
haustion limit. .... ...

.5s * .50

.15 * .51

•.55 * .51
LOL U :,"S 200 2:50s

LB
5000 - 25 3 5

2 3 .51

AB -OO :II BS-B AGO I .56 2600 .53,

4000 ABS-B AGED AI.-6 AGED.
TESTS AT- 6F ESTS AT 70O.

.7. 3100 .55

3000 DUCTILE P-111 D T . ILE .7 2600 .55 S00 TO

.00 300 200 .6
g .. 6 302-00 .550 20 20

2000 - .16 .56 no0 1800

Ie ee..a 2600 .56 15S0 16So

I 2;00 .56 s0 3100
1 000 

300 200 6 S60 1600

I 1 °# I I I 8 .65 10 .67 'Io 10o
030 040 050 060 030 040 0.50 0.60 .sg 1975

COPORESS4E PRESTRIN .69 10 260

.9 500 1760 .57 SSO i600

FIG. 3. EXHAUSTION LIMITS OF ABS-B .9 350 1650 .57 2300 2600

• 300 .50 1000 1900

STEEL INITIALLY BENT AT 700 AND .3 100 1,60 .62 200 "06

,3 100 1600 .62 100 1950AGED. 
.53 1 10.60 10 13 ____
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an oven to the required temperature the TABLE IV (b)
bars were given the initial four-point
bending (Fig. la), and after reheating ... .....L - T .. LOA .1.. .....

for about 30 ruin., they were bent to the ..rai . Ir.. ..C 0.. - V.. Oat
required radius and left to cool. One or A.. ....
more days later they were tested in re- :2 200 .
versed bending (Figures Ic and 2) at A -. 0.. .. 00

70°F or -16 0 F. The results of 76 tests 000 .o5 o 0 .5
at 70°F and of 82 tests at -16 0 F are given 0,°0 0..

. 12 Oin Tables IV a, b and V a, b, and i" A__ oo
graph form in Figures 4 and 5, where 10 ."....61o .
the temperature of prestrain is plotted A0o
against the amount of prestrain, and the :0 W I .B 00 55 20 0

behavior of the bars in subsequent ten- ,:" . I , I . o...
sion is marked by a black circle when, "1 ...
brittle, and by an open circle when duc- ... ... 0 .

tile (i.e. when no fracture had occurred ... ...
under 5000 lb. or more). A 'worst" 1 0..5. ".. 500 . 0

2110 110 2 00temperature range exists around 550 0 F, : I, .2 .
for bars tested at 700 as well as -16 0 F. P6 M0 1650. .o

6 50 000oo

N 0O fractr t 5ooo LI,. aqoi-I- 5. r 60 kal.

TABLE IV (a) and (b). TABLE Va.

EXHAUSTION LIMIT OF BARS OF ABS-B STEEL EXHAUSTION LIMIT OF BARS OF ABS-B STEEL
PRESTRAINED HOT AND TESTED AT 70 0 F. PRESTRAINED HOT AND TESTED AT -16 - F.

BAR INITIAL B1 TEST -OA ( ) 0RACT•R STRESS

St6i5 9r Am. Crook r t0,o W0d5 kst DAR INITIAL D T.ST LOAD (1b) 3rACT00 STRESS

B 6 0.3 $00 6256 StlsJl r Las.. 060t0k 6660r0 03/5. tastni _or ANV r-f- %Mbd2ksi

B soa ose o.20 :s• +
05a0. 50s

16 00.2% 5500t______ ______ _____ -
07 550 t.2 026 .2 550 0330 60.5'a 007 550 6560 62.0

60 0.27 050

65 550 " 0 -D.23 0 t6 14 550 3510 07. so 4650 7S.6
15 550, o.0 550 os0 Is0 -

6 0 s0 1 001 s0 3120 76.71 2 65o *|•s o•2 010 a 056 600 o s.s
6 52 0.20 050 * -*__
53 DOD 5 a o36 o.2% oo

606 550 a 35o 77.5 6 o3 o 0
6 55 550 0 6 030 so 3723 70.7
6 55 6S0 0 a I 030 550 2270 20.0

6 500 060 550 5500 70.0S052 55 150 30
3 0.2 0002 11o.650 02 50 065
5 a00 200 5@ 0 60 3 7
'l 4so a a 6066 o7 oo

6 550 037

: as D-.. .. boo6a 66o a3. 6 * 06 .7 0

63 00 r 60 i650 600IN 5 0so a?60 8o.
;cc 70 3 062 55Do 2040

a3 55D 63022 706 2060 5 .0
. 0 3 '00 0 ,626 0.2 S00 0 o2 o 29

6 800 2:20 6 0.34 30 a
0 260 650 2060 a 6 0O5 30O 2 0

6 29 -s0 2060 56.0 6 066 6o 206
6 70 55o 1030 272 6 61 6o0 1060
71 620 650 B66 0 260 2370, 5.06 56 550 o20 060O6 029 660 265 0

6: 56 5 501. 20o 670 560 0060 1130 0 071 550 02Il
7 2 650 0150 00B0- 6 026 BI0 0060 60.0

36 T~ooWID6 30 70 30. .7. 2 5 2-66 . 02.,.
3 "a o 6I 001 750 3:26 67.2

* 6. f iN6 003.69660 a t m a., Opt 0t e 0o 06. 0 66 6s966o.r dl "s 0 . 0 0• 0 0 6V66 to INk566.



-6-

TABLE Vb. EXHAUSTION LIMIT OF BARS The prestrain at the "worst" temperature
OF ABS-B STEEL PRESTRAiINED HOT AND causing brittleness at 70 0 F, is just over
TESTED AT -16' F. half the prestrain at room temperature

(about 0.32 as compared to 0.55). For
BAR _ TEST_ LOAD 0b)tests at -16 0 F the difference is even more

BRINITIAl, 9N0 'teST 0.0A0 (0b0 rRAcTUB1 ST70,0

-r Am. --- ... ........ ' k pronounced: the prestrain at the "worst"0.3 -- temperature is less than half that at 70°F• 0720.33 300
3.. (about 0.22 as comoared to about 0.47).

So7 oo00 2.
B IB30 0 56.7

B 019 0 33.10 70.3 As the prestrain temperature rises above
S08 700 060 45.0
B0 7000 5.. about 6000F the exhaustion limit in0034 600 0580 33.4 li i n-
B 035 BOO 0B90 $0.2
a creases again, showing a weaker em-
...... brittling effect. Above about 9000the ex-
B . ....... .0 haustion limit is higher than at room0o0 Doo 2* .o . nina1r o

012 0 B. 015 temperature.
B 063 B00 3500 51.3

5 008 0.o0 300-

300 00 1 3. RESTORATION OF DUCTILITY BYB 081 400 0600 10.9B......0... HEATING
B 083 50 210
B 00S o 390 92.0

B013 oo3500 77.4 r c du krS01 ,so f. Heat treatin rocedure. Prelminar
B OBS 050 3090 72.3
B 03. 900 tests have shown (15) that oven heatingA 055 0.o produces a very slow temperature rise

010 20 • 3 in the bars. Cold bars would reach the1o1o 300 "1130 16 0 39.0 o e e p r t r

.B.1.. 190. B. . oven temperature in about 30 minutes.
B "1 800 $10 110

BOB, 0DO I.S This long heating time obscured the time-
o 16 900 300 79
0.. 10 2.. .0 temperature relationship for heat treat-

o _ .1.000 ment. A more rapid electrical resistance
"I .froun at 5oo 1b, .qu..nt 0. .0 W. heating was tried. A 2 volt 4000 amp.

current from a modified lighting trans-
former with a single turn secondary

000 I

S BRITTLE -

O DUCTILE CIDCID
800o..

600 FIG. 4. EXHAUSTION00 c as LIMITS OF ABS-B
o0 STEEL INITIALLY BENT

HOT.400 . 6.

t00 002

200
ABS-B STEEL TRANSITION RANGE OF BARSPRESTRAINED AND TESTED J,----TESTS AT 70*F AT 701F AFTER AGING

0 I 1 1 1
0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55

COMPRESSIVE PRESTRAIN
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1000 1

* DUCTILE 00•BRITTLE o ,'O

800 0

600

6FIG. 5. EXHAUSTION

z4 LIMITS OF ABS-B STEEL

o400- cO so s INITIALLY BENT HOT.

200 --
ABSB STEEL TRANSITION RANGE OF BARS1

SPRESTRAINED AT 70°F AGED

TESTS AT - 160 F AND TESTED AT -16*F
0 1 I I I i I
0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55

COMPRESSIVE PRE STRAIN

winding was passed through the bent bars the temperature drops.
held in special clamps. The temperature
was measured with thermocouples on the 3b. Description of the tests. The tests
specimens, and was found to reach the included bars strained at 700 F and at
desired level in less than 3 minutes, but the "worst" temperature of 550°F, and
non-uniform heating resulted, with a hot tested after heat treatment at 700 and at
region at the intrados. The only satis- -16F. The bars were prestrained by
factory method of uniform and rapid various amounts above the exhaustion
heating was by immersion of the pre- limit for the specific conditions of each
strained bars in a commercial lead bath test, so that without heat treatment they
thermostatically controlled to within +50 F. should have all been brittle. With bars
The bars were first immersed partially, prestrained at 70°F the exhaustion limit
with the legs of the U-shaped bars in the was about 0.55 for tests at 70 0 F, and
lead bath and the intrados outside. Three about 0.45-0.48 at -16 F; and with bars
minutes later, when the intrados had prestrained at 550 F it was about 0.30-
been heated to about 1000 F below the 0.35 for tests at 70 F and about 0.21-
bath temperature, and the lead bath had 0.22 for tests at -16 F.
recovered its set temperature, the bars
were totally immersed, and in two more The duration of heat treatment varie4
minutes were within 5 degrees of the from 3 to 120 minutes. Temperatures
bath temperature. This was taken as the between 1000 and 1150 F for cold strained
beginning of the heat treating period in bars, and between 700 to 1000 F for hot
all tests. The effect of the short heating strained bars were tried.
time below the test temperature is neg-
ligible. For example, bars bent cold to a 3c. Test results. The results of 206 tests
prestrain of 0.55 and tested at -16 0 F, of cold strained bars and 311 hot strained
were made ductile by a heating of about bars are given in Tables Vi to XXII. The
10 minutes at 1150 0 F, 20 minutes at results are also plotted in the graphs of
1100°F and not even 2 hours at 1050OF Figures 6 to 16, according to temperature
(Figures 8 and 9). The rate of restoration of prestrain, of heat treatment, and of
of ductility decreases quite rapidly when test. In these figures the heat treating time
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TABLE VI. RESTORATION OF DUCTILITY OF TABLE VIII. RESTORATION OF DUCTILITY
BARS OF ABS-B STEEL PRESTRAINED AT 70 F OF BARS OF ABS-B STEEL PRESTRAINED AT
HEAT TREATED AT 1000 F; TESTED AT 70 F. 70 F HEAT TREATED AT 1100 F; TESTED AT
DA PRE- MAT T EATNT TEST LOAD (11) 3767C70 SYMSS 70F.

3 0.36 r H . An. Cek r-..- M Ihd' Wi an . HEAT 75A 0T T3S7 LOAD (1b) -A- S-IS

39 0.56 1000 3 - 2300 SRAlm

31 5 10r0 Am. Croak T .30 AM/bd
2 
kl

6.2 5 -_ 6 - - i- ----

666: 0.57 1000 3 42 0 19000

3. To :1
:1o, o:06 2;o D.•

660 3 - 300 603 6

63S 10 600. 10 .
4 1 627 0.37 1100

6.3 0.56 1000 16 2300 3030 - 26
0 15soo 1600 61 1-

$31 30 - 3100 616 16 -
S0D i.0 607 o8 -o* 3
661 go - o06 30 • •

-a so -l00 so 60

661: 0.60 00 - 2o
6623 30 - 300 66 0.6 1100 I
:47. .o 0lo S1 - ,s<

lU*so - Soso :25 L,-
11| 60 200 6 Is - 100

710 120 - 2600 L23 10 . 60
7206~~oi 0 00.132-13+ 20 . +

67AS 0.62 1000 00 -0 :11 60 .

676 06 60 W 3100 12 60 -

673 0.60 1130 30 31200

3,33 30 .

e t0 a13 S3000 1b.. feSl,6166 to ever6so k61. 7366 0.61 1100 60 3300 -

Shorte0r 66. Mow. 34 t. 6600 1b.. .61610 3to 60 6.0. 1100 so "0 0,• K~O l~666.l sSO 1ellllu ; D l*SS 0.02 1100 60 * OO

7176 100 . 9600 6.
*s 0760666 32 A * 00366 3 036 601, I I I t I -0

• Ii fwt1 a SM 1b. ].1 evi-LoIIMto . -10 ks..

TABLE VII. RESTORATION OF DUCTILITY OF A k3. b_. 610.t L.. 1. 6606 a.. . t,,6610,o "I 6,, ,.S.

BARS OF ABS-B STEEL PRESTRAINED AT 70 F . 1"3190 "r. o *- b." W*4PaT of te0 fteetoo 2f-.

HEAT TREATED AT 1050 F; TESTED AT 70 F.

AR PME- 0M7AT TXA6MT TEST LOAD (b) R 3CTU6 STRESS
STRAIN I . . .

•r. ..... A-. CIA r_ Rfbd'__ is plotted against the amount of prestrain,.6 .60. 1060....210 which is always higher than the cor-
621 21-

....2 responding exhaustion limit shown in the
671 0.37 106 I legend. Bars deforming without fracture
672 - 1. . . under a load up to or beyond 5000 lb. are
"41 0.36 3000 6 - 2700 tr e n e rsneSo .500 termed ductile and are represented by

s 1:00 open circles. Bars fracturing at lower
..... loads are termed brittle and are re-
71. 0.60 1.0 1.10.0 presented by full circles. To produce7120I s0

726 .3 prestrains of 0.60 or more (cold strained
... 0 .... bars) it was found necessary to shorten

7 . .4 the bars, otherwise their legs would
77 '.60. 0,o 73.o touch during bending. These shorter bars

17230.62 t 1062 3a 600o are indicated by an asterisk in Tables VI
o ,600

72. 30 . 200 to XII, and were tested to the calculated
?. I=equivalent load of 6300 lb. It was also

6770 0.63 1050 0 zo ,00f
... .. fo0dthat some of the most highly strain-,0 ,ed bars had developed cracks before the

final test, as was obvious from discolored
360 li20f301 *6 6000 11., ,qm141n33 33 o1 60.0i. areas of the fracture surfaces. These bars
A "M. 6163I*" 1J, 63 10., .1 6660661are marked by the sign x and are not taken

We60 6 . "6 " 1 by 04 diete - o f 66663'o" " . "We. u n d e r c o n s id e r a t io n .
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TABLE IX. RESTORATION OF DUCTILITY OF TABLE X. RESTORATION OF DUCTILITY OF

BARS OF ABS-B STEEL PRESTRAINED AT BARS OF ABS-B STEEL PRESTRAINED AT 70 F

70 F HEAT TREATED AT 1150 F; TESTED AT HEAT TREATED AT 1000 F & 1050 F; TESTED
70 F. AT -16 F.

,.r T RE HEAT KA0T ' ?CST? WAD 0b) rP AUn s3 09 PAM r7- HEAT rIA77909 TEST LOAD (19) rRrCTUR ST S

-r A----.-M- .- -- 1709~ -fl9S 97.ro f09u 09,0. 0.0 *r Hi--S. Cro. 0,6.) ,00, IMbd' "I

00 0.99 1000 30 .0
13 0.93 0190 o.o 30 0090

7 60 9000 90.0

g09 0 3090 '1.,
- 697 .S9 1 0 9 oi to .'090 ?0.5

290 I 10033 0.S1 1000 0 2890

60 'D*00 03 . 0 100 .3 090
619 00 0900 000 30 0500

701: 0.60 11s0 900 T 0.? 6

7000 0 3090

7 0 . 0 .. 6 1 1 1 0 1 0 0- 00 9 1 0 0 0 7 0

9900 .3300 -o 039 003090

799- 09 0990 - 099 o0 0
"7 t2 30 3 0

61 0 .62 1 00 0: O 0 10

71 3 30 900 7-.9
G .0 30 3 . 00,
610. 30 90 7,. 031o" o 1 0 .51 o so 3

S 0 1 30 36Noo7.6 0 1 3
709* 90 190

30 O9S 1 0 090k00 - 00$ 00300 7.
;$6.l 30 D37IO 1 NI

6o* 0 2400 D231 30

ON0 30

707 00 0190 D S I

-k .l{ tln sSl0:i. q~btt ~ k-.090 9) 999099.

93 0.9 1190 1 Ono0 0I.9 19 3300 79.7

32- 1090 9.o

00 lt. 010 t l06 L 6 lb.. t -0 0 W. 031 120 Is

7000 i- . . ta b 1 1- o O 0700 f -0010W

7of- - .0 7O00 Lb., 10 k

• P--onLltjM~i -rk, so ihmm by di-clord par of Pr/ctm iurfam.

the scatter of the results is considerably 14, above), where the scatter was too

greater and the transition from brittle to great. The heating time increases so
ductile less sharp than with non heat- rapidly with prestrain, that an effective
treated bars. There are indications that cut-off prestrain appears to exist beyond
the ductility is restored gradually during which restoration of ductility, if at all
heating Although the loads appear to in- possible, would not be practical. It is not

crease gradually with heating time up to known whether any deterioration of the
50600 lb. (or 6300 lb. for theshorterbars), steel under prolonged heating contributes

very rarely did fractures occur at the to this effect. The collected curves for
higher loads (up to 7000 lb.) at which the all straining. heat treating, and testing
bars were frequently tested. The 5000 lb. temperatures are shown in Figure 17.
(or 6300 lb.) still shows the restoration The unexpected dependence of heating
of an appreciable ductilit h ex- time on amount of prestrain, and its ex-
tensional strains well over 0.10. pected inverse dependence on heat treat-

ing temperature are clearly indicated.
In spite of scatter, the results indicate This is also shown in Fig. 18 where the

an unexpected dependencl ( e orte least approximate minimum heat treating time
necessary duration of heating on the is plotted against the heat treating ten-
amount of prestrain. Approximate curves peratre for various constant prestrans
of the minimum heating time needed to at 55VF.
restore the ductility have been plotted as
functions of prestrain, except for the c A tentative epanaton of the worst-
heat treating temperature ot 850uF. (Fig. ctleg.nrd. A very
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TABLE XI. RESTORATION OF DUCTILITY OF 120 I

BARS OF ABS-B STEEL PRESTRAINED AT 70 F ABS-B
HEAT TREATED AT 1100 F; TESTED AT -16 F. PRESTRAINED AT 701

B 90 HEAT TREATED AT 1000:F
IEN- 01?TR'A' - Tis" LOAC 1001 T3C. 011 S,0 ISS TESTED AT 7O e

"P KIitte Aip, . ro~l op.ll W~ilmA .

01 0.51 1100 3 . * BRITTLE
042 3 . sO 0 DUCTILE -

021 S 10
05 1o

0N 10

067 0.53 1100 5 I
066 5 3300 OI

09 0.5 1100 2

00 00 3 __ _ _ _ _

0. 0.57 1100 o o E 0.45 0.50 0.55 0.60 0.65
050 70 0530 120053 6o0 II e

011 0.5, 1100 30 0 ABS-
302 51330

G30 1..o PRESTRAINED AT 700
010 30 *2o HEAT TREATED AT 1050*F

o 60 +oTESTED AT 70 °

030 s0 .
07 30 0330 7.0

6 90 32030 6 - BRITTLE I
0t2 130 3713 a -

60- X PRIOR CRACK 5
go 60 vrN at 6ON 1b., qul-1.l0 1o - 60 6B. .

ft- nioLt NN. N1 by .d t 6000 62 .of 36p2.R , E I

30 W 1113

01 -6

0.45 0.50 0.55 0.60 0.65

COMPRESSIVE PRESTRAIN

FIG. 6. RESTORATION OF DUCTILITY

TABLE XII. RESTORATION OF DUCTILITY OF AFTER PRESTRAIN AT 70 F. HEAT

BARS OF ABS-B STEEL PRESTRAINED AT 70 F TREATMENT AT 1000 & 1050 F; TESTS

HEAT TREATED AT 1150 F; TESTED AT AT 70 F.

-16 F.

interesting though not altogether unex-
S..I. TIEAM. CM67 T. (I/W W pected result is the restoration of ductility

l0 r Apt . CP6.6 PP.100t66 6,R k60 of hot strained bars at temperatures as

0. 1153 low as 70(PF. As shown in Figure 13 and
Table XVII, bars prestrained a little above

0______2__ the exhaustion limit and heat treated at
1 .55. 1150 5 30 750°F and 700°F for periods of I or 2

0 _____ ____ _ hours, may be ductile at-16'F. Likewise
009 , ... 33. heat treatment at 75(W'F for 1-2 hours

20. restores ductility at 70PF to bars straiR-
606 2 2006

0 oed just over the exhaustion limit at 550"F
Nooo 2 (Table XIII). Some ductility is very likely

071 0.53 1150 30 10 0.6 restored even in shorter heating periods,

... I6.. . or at slightly lower temperatures, though
o___, - _ ____ not sufficient to enable the bars to with-

* s .. .. 5000 1. 6q0 ..... a0.6. stand the full straining caused by a 5000
* P L...... P., b.. 4,..... pm., FM -N -_#_. lb. load. An explanation may then be

offered for the existence of a "worst"
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TABLE XIII. RESTORATION OF DUCTILITY OF 120 1 I 1

BARS OF ABS-B STEEL PRESTRAINED AT 550 F; ABS-B
HEAT TREATED AT 750 & 800 F; TESTED AT PRESTRAINED AT 70 °

90 HEAT TREATED AT I 100*F
TESTED AT 70*

BA k ?Hk. HALT I!kATM.NT T T LOAk (lb) II ACt'rl 'ThrE:b I
I o BRITTLE

0 DUCTILE _,T 0 R b Ar Cra t-e 4./U0
2  

2.1 0 PRIOR CRACK -1

0-12e 0.37 750 oo 3000 0.0"
b-323 0 2bo 2o.1
6-320 120 4020 85.2o-321 120 -

___ 30 -
1- 42 0..37 8oo 1 1230 1 /0
.- 243 1 1010 42.21-4 0 0 - 3090 69.0

b.211 10 - 2470 5..2 10-271 20 - 2000_
B-277 20 - 8 r _ _

- 
_

U-330 30 f- 0.45 0.50 0.55 0.60 0.65
0-331 30 120
B-290 0.40 00 20 150 35 B5-291 20 20 70 57. - B
0-291 11 3300 00.0 PRESTRAINED AT 70"B-295 3920 c4.0
5-29' 90 - 20.0 HEAT TREATED AT II50*F
b-29'7 80 90 -B-326 120 TESTED AT 70"5-327 120 T

0-292 0.13 0O0 10 3090 71.3 * BRITTLE
0-293 10 620 02.1 0 t

0-299 o PRIOR CRACK
0-302 120 1330

0 120 3920

* No fracture at 5000 lb., equivalent to over 0o k,1

30- x

TABLE XIV. RESTORATION OF DUCTILITY OF
BARS OF ABS-B STEEL PRESTRAINED AT 550 F; I _ -___, _

HEAT TREATED AT 850 & 900 F; TESTEDAT 70 F. 0.45 0.50 .o 5 0.60 0.65
COMPRESSIVE PRESTRAIN

BAH1 NE- n.1 ,,i17 I -I -o. .00.1 1121 l i2, HEI 2001

cN0 AI1 N T212.122 All. CIA k i11/1 .- I ,Xll2 ki

2-5 0.31 0"0 - .1- Y.0 FIG. 7. RESTORATION OF DUCTILITY
113 10 '.1

£121 7 AFTER PRESTRAIN AT 70 F. HEAT
0.22320 TREATMENT AT I 100 & I 150 F; TESTS

.. . . .22 .. A T 70 F .
420P1 0o -2

u2322. to7
.2 20 .2

0.300 0.03 0,,1 110 - 21,21 ',.2

b.302 l' 0,1 .0.333 20 i- 0 , 7 .30.301. 121 -
11.30., 121 -

b. 'I i - 10n 77.o

11.0 1.31 221 1 -2 2.

r.2-2 10 temperature around 550°F at which the
b.2.21 0.401 901 2 -1.0 I72.223 5 6: 7  exhaustion limit is least, and for the
0.2, .... rapid increase of exhaustion limit as the
.*,. 0. .... 1.: 7 . pre t raining temperature is raised above
0. 20. 600qT (Figures 4 and 5). The strain= ./ ~20 " ,,I.

40... hardening, aging, and embrittlement ap-
0.,22 .. ...... ..... . 13 , . . pear to increase with the temperature, at
0-I .,1 -. , 0'.., 31.11 least up to a point. Simultaneously a

.2111 '.0 2110 ".111.117 00.32 recovery or restoration of ductility ap-0.01i 1.'0
...11.1.0. __ pears to occur above a certain tem-

perature and to become faster as the
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TABLE XV. RESTORATION OF DUCTILITY OF' TABLE XVII. RESTORATION OF DUCTILITY OF

BARS OF ABS-B STEEL PRESTRAINED AT550 F BARSOFABS-BSTEELPRESTRAINEDAT550F;
HEAT TREATED AT 950 & 1000; TESTED HEATTREATEDAT 700-800 F; TESTEDAT -16 F.

AT 70 F. 0H 844- 604 H RATOO 70.0ww a LOAD (11) FAC1 OFIF STI,,.
STMA!N OF minutes Arr. Crack WWIur M/d k.i

IASI . h T TS0 LOAD ( 1b) 0RA,77t 0T7R00SS 0 4 100 . 0 30 433o 81
______B: ______ 

30 - 33 0 .
,o I A ,N F C F . . ... . a. . r0 4 14..o / b ,1

2  

k s i B "0o .7 - 2 0 0 13 .7
SB-38 60 2000 37.0

3 113'7 AD 20,00 ..9-39 020 ++

.. 2oD 0.40 950 3 3110 76.11 b -309 0.27 700 00 2880 .3.3
3 :110 0-D 1_ _ 00- J 3 91.2

205 0 ++B-307 0.24 750 20 3920 74.70-300 20 - 3920 77.0
b270 0.43 950 5 1 + 1-3 ' 0 AD

.270 0.53 A 1050 4B-..275 60 +
b.304 0.46 10 - B-37D 0- + +
5.315 0.50 10 + + B-37 2 1D0 120
c:204 0. 0 DO 8 1

o.285 0.50 D 0+ B-315 0.27 750 30 4 0 DODo
:o I0-36 30 - 3700 79.*5

b+1I 0.50 950 20 310 B:365 60 - +

31 20 3920 B 66 60 4550
It30 140 3920 85.2 B353 120 +
4 330 1 0o 2200 5 00 - 220o h

0+320 60 + B-232 0.25 00 5 - 1850 38.3
b-0 2 33 5 2260 4,.3

0.214 0.37 1000 3 +25 10 - +

215 O.37 3 +HD22
o2D 2 0.5403 0

12 . O1 3 ++ B-242 0.27 000 D0 1650 40.1

. 21 0. 3 52270 55.8 1 3 D0 +

14273 0.53 5 + or B217 20 3090 63.3
0 B2a 20 3600 74.0

b+30 .0 000 5 1000B-375 60 35000 71 5

h- 30 . - 21.70 B 3 6 00 + +

+312 00 + 8-278 0.30 000 10 25700.3 3 00 + + 0 279 10- 2270H.-283 20+
-202 0.08 1000 1 - + + 0-284 20 2360
5,203 .148 10 + + -311 30 ++1
5,220 0.50 1000 0I 4330 b 32 30 3920 83.
0.227 10 2800 0.7 B:379 120 2060 43.1

I.,232 20 + +20 3500 1 7h.5 1
-+233 20 - 30Q0 '0.0

o336 30 + + B-287 0.33 800 20 - +
b.337 30 - 20 65.0 0.288 20 3090
c-330 40 1230 1050 - B-323 6 15o 0339 41) + B -324 W. 30

1 1000 -1) -355 020 - +0.360 0.02 000O0 I 0 o 020 1030 - -356 _____ 020 .155.... o l55-O
31 0.52 00 720 100

No Iza , D t o00 00 u., 0q loalent I 000 I1 -

TABLE XVIII. RESTORATION OF DUCTILITY OF
TABLE XVI. RESTORATION OF DUCTILITY BARS OF ABS-B STEEL PRESTRAINED AT 550 F
OF BARS OF ABS-B STEEL PRESTRAINED HEAT TREATED AT 850 F; TESTED AT -16 F.
AT 550 F HEAT TREATED AT 1050 F; M88 ,p- Ro8l 005078.24 IcST LOAD (lb) FRACTURE ST786DD -

TESTED AT 70 F. TRAIN . °I min.... A.. Crock Fr...... 414/4
2  

k.]

BAR P,- HUT INATMkXT TEST LOAD (lb) FRACT1HEa ST0hSS 252 0.26 850 3 - 14,00 31.7
.253 3 440 32.2TRAiW ° minutes A,,. Crack -ature 414/1, R ?d

2  
H.24- 3510 67.2

B -2 0 7"- 1050 3 . | 99s- 15
B.217 + .-400 15

8200 0.40 1050 3 -- dO 0.2" 850 10 3300 63.4
13201 3 -251 0+

L*206 0.43 1050 3 0+ - -I
5.207 3 + + 0-20 0.30 850 00 1 90

b-201 10 2,90

0.2" 0.46 1050 3 1 0650 39.6 2-005 20
I8 259 3 + + 0 26t 20 +

.222 0.80 1050 5 - 3300 78.9 B- 9 0 33 850 - 3500

+223 5 -- 2960 20 +
:.200 10 - + 2 30 3710 83.8
0200 00 . + 0b-325 30 - 206 4,0.62115 10R 0 350bO 77.6

c.236 0.50 1050 5 - 1850 45.7 0-357 60 300 77.2

8.237 5 2080 65.6 0-350 89) 3500 77.5
'e.20 o 0 - 2640 -. O6 020 •

8+205 0 + B -,02 020 4120 H7.1

8228 0.52 1050 10 . 2580 62.7 0-330 3.36 010 30 140 32.1

8.229 10 1240 29.h 8.3 30 - 2600 9.9
8220 20 o2680 65.5 -333 50 3090 71.7
.221 20 b -334 00 - 20.0 '45.'

00 -- j37 020 18500 40.9
bv362 0.53 400 60 620 140 * l-640 02 0 3500 78.2
8.343 40O : + _______
53 1o 0808t 05 00 + sre r-O .39 0.39 850 60 - ObO 47.3

H-330 60 2411 58.1

No fractre at 5000 lb., equivalent to over 80 Nei

.0
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TABLE XIX. RESTORATION OF DUCTILITY OF TABLE XXI. RESTORATION OF DUCTILITY
BARS OF ABS-B STEEL PRESTRAINED AT 550 F OF BARS OF ABS-B STEEL PRESTRAINED AT
HEAT TREATED AT 900 F; TESTED AT 550 F HEAT TREATED AT 1000 F; TESTED
-16 F. AT -16 F.
b.1 p - i-r Tf .ATMENT -1'7r LOAD (1b) FRACTURE STR IlS bAh PRE. 01A4 r ATMENT TEST LOAD (1b) RACT HE S'TRESS

'FMMb 2 r ~ M/d
0-o 0. .,, 900 3. b..oo 0.24 1000

3 - 3,00 71.2 B 2b? 3 -

S ..270 0.27 1000 3 2600
c-23 0 .27 900 3 2 O 05.3 b-271 3 -
o- 39 3 20 51.q 

0
.
7 
2
1
o . +

0-230 5 b 0.21 0-
0-23I 5 300 3;1
0.3;7 10 b -2OO 0.30 1000 5 -
D-31 0 10 2080 55.3 H.261 5
b-377 20 -_+
B-371 20 +B-256 0.33 1000 5 -

B-257 15 280 58.5B-2ho 0.30 900 5 - 222 10b- 21 / 5 B~h -223 0O+
B-34 15 __ 10
0-350 15 2880 64.4 B.210 0.35 1000 20
B-393 , + B:211 20 - 3000 58.3b-394 .0 +

- 2 0B-381 0.39 1000 6O
b-27o 0.33 900 5 - 1h10 0-382 40 -
0-77 5 ? 840
o.-254 i0 + 0-291 0.40 1000 20 +
0.-255 10 3,70 8-292 20 2890
0-321 20 +
B-322 20 300 o5.5 B-305 0.13 1000 12O 89.1
b-351 30 3710 83.9 :3856 60352 30 B395 90 - 270 59.5

.361 60 81i.B396 90 3300 76.6
0.362 0 3-20 8t113- 3 3 1 o -- 39 1 3 5 .1
0-363 170 0-397 0.4b 1000 90 38.1

12001+ 1-398 90 2 65.4

b-33( 0.3. o 20 -" 2200 51.2 + No fractur e at 000 lb., .qoiO11N1t to 80 e r o l
6-330 20 3300 73.0
b-301 60 1850 42.8
.-302 60 15hn 35.5
H-31 120 +
.342 120 3710 83.0

"-335 0.39 000 00 - 3500 78.1
b-33o 60 2h70 55.0
no78 Iracur at 5Uoo l0., eqoivalent to over 0kl

TABLE XX. RESTORATION OF DUCTILITY OF
BARS OF ABS-B STEEL PRESTRAINED AT 550 F
HEAT TREATED AT 950 F; TESTED AT -16 F. TABLE XXII. RESTORATION OF DUCTILITY

OF BARS OF ABS-B STEEL PRESTRAINED
. Crac Fr .... 4M16 .1 AT 550 F HEAT TREATED AT 1050 F; TESTED

.... - ....... .. ..oA 0'r*000, 7 140/0 A AT -16 F.
.: .214 950 3 - 4,2,0 82.0

c o, . .3o

0-040 I 0.27 900 3 - 3710 70.7
3 -0+ BAR PRE. HA' TREATMENT TES LOAD (lb) 00RA 0000 1T.

lTRAIN 'F Minute. Arr. Crac F
r~ctu hM/bd

2  
.l0

0-.0 " 10b-' - . - rt Cac ____ _ _u__

5 2 60 8 .0 0-200 0.20 1050 3
08.200 0.27 10201 3

4.700 7.30 900 10 - +370 0-205 3

0-07. 0 - 3000 b-203 0.30 100 3 + +
-: 2 8 : 0 50 3 0

b.339 0.3. 950 20 - 22o0 0.3
2 + 0-2-d 0.32 100 3 - loo

330 2000 2000 b -259 3 .
".0.30 . 0.21d 5

.. .. 7B-219 5 +

0-163 .37 950 0 3920 41206 03- 0 0 8 . 2 0 60 O.J 1 2 0.I 0 _ _0_:.

.221 10 4300 83.0-- -B-206 20 +
0. 4.40 950 20 - 2000 ,9.2 5-207 20 30o0 07.7

I2-27 0 lgo 30.7
I~ ~ b.- I6 00226 0.50 1050 20-~l o+ 0-a .o 1oo a

02 + -225 20 - 3710 83.1
-- - - - _b-i03 60 3190 00.0

.4.-.9 0.63 90 -50 - 40 64.7 0-4O6

0-.350 I 90 2680' 63.0 -05 0.03 1000 90 -0-300 90 . 260 63.3 b-0.06 900.031 10 - 200 678I-1- +_ _ _
-+ 1-70 0.4 1 1050 20 - 310

0-265 20 3927

+ 0o fracture at 5000 lb., equ"vmlent tc over 80 Nat No frEcture at 5000 lb., eqlvalcr.t t, over 80 kof
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temperature rises. The final behavior 2 B-

of the steel should be governed by the PRESOTAINED 950-F

net effect of the two counteracting in- goHEAT TREATED 900*F

fluences. Under the present test con- TESTED LII .- 22

ditions the two influences cause the worse _ I.

embrittlement at about 550 0 F. Above this 60 BRITTLE

temperature the rate of recovery is I/UTL
stronger and restores more ductility than /0
is exhausted. A gain of restoration over -

exhaustion of a few per cent for every--
51PF, is sufficient to produce the shape 0 '

of the curves of Figures 4 and 5. 120 00Z5 03 3I

W ABS-B

PRESTRAINED 50Ft
TESTED 16F

EXT LIMIT 021-0,22

I -- T
60 *BITTLE

30-T

120 5**- -

ABS-B ,- -I

PRESTRATNED 550*F COPTSIO BEIBI

'EAT TREATED 8OO.F
90- TESTED -16*F

EXT LIMIT 021TO22 FIG. 15. RESTORATION OF DUCTILITYAFTER
Go0 - I. ILE PRESTRAIN AT 550 F HEAT TREATMENT AT

DUCILE900 & 950 F; TESTS AT - 16 F.

so 0n
ABS-B

PRESTRAINED 5501F
a9 H TE EAT TREATED IOO00F

0025 030 ASTSE 1*
T20 ETT LIMIT 021-022

ABS-B
PRIESTRAINED 550-F 1 60 * OMITTLE

M EAT TREATED 850*F B DUCTT.1E

TESTED -I6*F
EBB LIMTT 021-022 I 30 19

60 DUCTTLE -U- -

0.25 030 035 040

.3p- PRESTRANED 550*F
go EHAT TREATED 1050*F0 2 oo AS 04 TESTED -i6*F

COMPRESSIVE PRESTRAIT EBB LIMIT 021-022

FIG. 14. RESTORATION OF DUCTIUTY 60 .T

AFTER PRESTRAIN AT 550 F HEAT
TREATMENT AT 800 & 850 F. TESTS ... U

AT -16 F.

02 .0COMPRESSIVE MRSR-IIN 04

FIG. 16. RESTORATION OF DUCTILITY AFTER
PRESTRAINAT55OF HEAT TREATMENT AT 1000 &
1050 F; TESTS AT -16 F.
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120

90-

4 II / Do

- _- FIG. 17. APPROXIMATE
.... CURVES OF MIN. HEAT

60 - TREATING TIME VS.
c PRESTRAIN FOR ABS-B

STEEL BARS PRESTRAINED
AT 70 AND 550 F AND

30 ,TESTED AT 70 AND
I -16 F.

00 '

COMPRESSIVE PRESTRAIN

120 I

FIG. 18. APPROXIMATE

90 -CURVES 
OF MINIMUM HEAT

TREATING TIME VS. TEMPERATURE
U FOR ABS-B STEEL BARS PRE-

STRAINED BY CONSTANT

60- AMOUNTS AT 550 F AND
TESTED AT -16 F.

0

30 -

, 00

C700 800 900 1000 1100
HEAT TREATING TEMPERATURE -F

prestraining temperature was again found
4. CONCLUSIONS at about 550 0F, where the exhaustion

limit was about half as high as at 70 0F.It has been found that ABS-B steel,

like other steels studied in the past, Heat treatment at temperatures above
suffers a sudden reduction of the ex- 10o0" F of bars embrittled by cold strain-
tensional ductility at a narrowly deter- ing was found to restore sufficient duc-
mined limit of compressive prestrain. tility to permit extensional strains of
The exhaustion limit was %etermined for over 0.10 (10%) without fracture. The
prestraining at 700 and -16 F. A "worst" required duration of heating was found
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to increase very rapidly with the amount D. An increase of temperature re-
of prestrain, so that at each of the duces the required heating time
tested temperatures a practical cut-off and increases the limiting pre-
prestrain existed, beyond which imprac- strain.
tically long heating times appeared to be
needed. The required heat treating time E. Heating for about 1/2 to 1 hour
decreased rapidly as the temperature at 1050OF or more would seem
was raised, necessary for bars strained hot,

and at l150OF or more for bars
Restoration of ductility was much faster strained cold. It is not known.

and could be achieved at considerably however, if these heat treatments
lower temperatures in bars which had are sufficient for the most severe
been embrittled by prestraining at 550F prestrains.
than at 70 0 F. Bars prestrained little be-
yond the exhaustion limit at 550°F could
be made ductile in two hours even at
700°F. It appears that the process of
restoration of ductility takes place con-
tinuously and gradually during heat treat-
ment, and that some restoration of duc-
tility may occur even in short heating
cycles and at lower temperatures than
700°F. The "worst" prestraining tem-
perature would then appear to result
from the most unfavorable net effect of
two opposite tendencies, namely the
embrittlement by straining and aging, and
the rate of recovery, both of which appear
to increase with temperature.

It may be concluded that suitable heat
treatment can restore sufficient ductility
to prevent brittle failures, but requires a
specified time which depends not only on
the temperature but also quite strongly
on the type and amount of prestrain em-
brittlement. The experimentally de-
termined time -temperature -prestrain
curves with ABS-B steel indicate the
following trends:

A. Restoration of ductility is easier
in hot than in cold strained bars.

B. Some restoration of ductilitg ap-
pears to occur even at 700 , and
maybe even less, for hot strained
bars.

C. The required heating time in-
creases with the amount of pre-
strain, and becomes impractically
long beyond a certain limiting
prestrain.
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