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AB3TRACT

The responsé of quenched and tempered, andiausform H-11 steel to
strain aging was investigated. The straining temperature was the most
. important #ariable. Straining at elevated (up to 900°F) ﬁemperatgrés and:
- retempering fesultéd in large increases (~ 30%) in yield streﬁgth_withbut
the ioss in dﬁctility.associated with static strain aging. The yield

to ultimate strength ratio approached unity in the strain aged steels,

however, elongations of 8-12% were retained.

Present address: The Martin Company, Denver, Colorado



INTRODUCTION

‘The demand for structural materials with improved properties has
stimulated much research. As a result, the theoretical understanding of 3
strengthenlng mechanisms has been suff 1c1ently developed to be useful in -

the design of high strength materials. However, in the more critical area

of fraeture toughness, the metallurgist is still dependent on an empirical

* -
approach. In this investigation the effects of strain aging on the strength

and ductility of a hot work die steel were studied. The objectiver@as

to find processing conditions which resulted in increases in strength with=-

out significant loss of ductility. It was hoped that such conditions would,

also maintain the fracture toughness of the material. This hope was borne

out in subsequent work.l

The static strain aging (straining at room temperature'followed by:'.
aging) of quenched and tempered 47 MO has been 1nvest1gated by Stephenson
and Cohen.2 Although large increases in strength were obtalned the
straln aged spec1mens exhibited mechanical 1nstab111ty at the yleld point.
The authors pointed out that this circumstance made the use of such
materials impractical. Zackay and Gerberich’ investigated the static

strain aging of ausform H-11 and found significant strengthening could be

bobtalned without introducing meohdnlcal 1nstab111ty.

The present investigation was primarily concerned w1th dynamlc straln ;
éging (i.e. straining at a temperature where aging may occur‘simultaneously);
The principal variables studied were the temperature of pre-sﬁrain (so |
called to avoid confusion with the straining that occurs in the final
tensile ﬁest) and the prestriin rule. 'The eflfect of‘temperiﬁé after pre-

strain was. studied in a separate proup of experiments. Both conventional

(quenehed and tempered) and susform steels were investigated. An attempt



.

‘was made to correlate the resultant properties with the distribution of

carbide particles, as observed in extraction replicas.

MATERIALS AND EXPFRIMENTAL PROCEDURES
Materials
» All experimental studies wersz made on two heats of vacuum induction
%mélted H-11 (Vascojet 1000) steel supplied by Vasco Corporation. The
composition of tﬁeseisteels is shovm in Table I. The propertiéé_of fhe
vacuum melted steels were determined for two different thermomechanical
creatmonts. Steel A was austenitized for 1/2 hour at 1850°F in an inert
atmosphere; air-cooled, and tempered at 9OQ°F for one hour. The latter
tempe?ingvtreétment wés intended to minimize the embrittling effects of
retained austénite. Steels having the above treatment will be referred
to throughou% the.baper as "conventional steels".

The secoﬁd heat'(Stéel B) waa subjected to the ausform process through
the courtesy of the Fofd Motor Company, Dearborn,AMichigan. The ausform-
.procegs consists of deforming metastable austenite at an elevated temperature
:prior to.fransformation to martensite. Alloy steels processéd-invthis
manner exhibit superior strength and ductility than when cénventionalIy
heat treated and also possess better fatigue and impact'strength.u This.,
steel was austenitized at 2100°F, deformed 87% at 1050°F, air cooled, and
" subsequently double tempered at 500°F. The temperiﬁg is necessary to. |
pfevent delayed cracking after quenching. Steels processed in the above‘.

fashion will be referred to as "ausform steels".

Tensile Teats

‘Tensile specimens of botl. the conventionaily‘treated and ausform steels

were precision ground to the dimensions shown in Fig. 1. Specimens



Table I-Compositions ci the H-11 Vacuum Melted Steels -,

o Si Mn S P Cr A% Mo

sté‘el A : _
~ (conventional) V.HQ .85 .35 015 .01l 5.06 .5 1.28

Steel B : . ’
ausform 40 1,00 - .25 .008 .01l 5.09 .5 1ok




Lo

were flooded with coolant during tne grinding operation and the maﬁimum '
"~ depth of cut was limited to <. 001".

:All tensile testing was done in an Instron machine. Elevated tempéra-
ture tests were conducted in an inért atmosphere. The temperature difference
between the upper and lower tensile grips was less than 4°F. The elonga-
.tion of the specimen for boﬁhiroom and elevated temperature tests was
sensed by meansgaf.a differential transformer coupled directly to a micro-

" meter.

The experimental procedure followed in the dynamic strain agihg of.thé
conventionally treaﬁed and the ausform steels is shown in Fig. 2.: In‘thé
bcase of both steéls, the term "pre—teﬁper" refers to the heat treatment
followiné transformation of the‘steel to martensite and preceding tﬁe strain-
ing Qperation. |

Afﬁe% pré-straining-and subsequegt tempering, specimens wéfe-ground _
to a uniform diametér over thé gage length and then tested tbifracture a£ 

L

room temperature. A strain rate of 1.35x10° sec_l was used for allﬂfoom o

temperature tests. Strain rates of 1.35><lO--'3 sec;l, 1.35x10-uvsécyl,,and

l.55><lO-5 sec-lAwere used for pre-straining. - C ';

EXPERIMENTAL RESULTS AND DISCUSSION
Tﬂé discussion of experimeﬁtal results will be centefed on the
variablé of pre—stréin temperdture in view of thé_over-riding influence
of this_vériable on thé resulting mechanicél properties. The influenée '
of pfestrain temperaturetand other variables such as tﬁe'prestrain st?ain
" rate, and the pre- and post-tempering températures on (1) the.stregéth énd
ductility, and (2) tﬁe shape'of the stress-strain curve will be discussed

for the conventional and the ausform steels, respectively.



Conventional Steels

(1) Strength and Ductility

All conventional steels were pre-tempered at 900°F. At lower pre-

temperlng temperatures there Was 7nqufficjent ductility for pre -straining.

"Slmllarly, the majority of tests were conducted with a post-tempering
. temperature of 900°F since all specimens post-tempered at less than 900°F

~ were brittle.' .

The response to strain aging of a conventional steel, pre- and'post-v-
tempered at 9OO °F, strained 2p at a strain rate of 1. 35x10 -5 sec'_l (the'
slowest employed in this studV) as a functlon of pre- straln temperature
is shown in Flg. 3. The room temperature propertles of the straln aged
steels' are shown in the upper three panels whlle the flow stress at two

percent strain at the prestraln temperature 1s shown in the lowest panel.

~ The room temperature properties of the unstrained'steel;‘double tempered “

at 900°F, are indicated by arrows labeled 'R.T. base'.

As a consequence of the elevated temperature stralnlng the yleld

strength was 1ncreased, on the average, about 80, OOO psi, or 34%, over
: the’range'of pre—straln temperatures investigated. The ultimate tensile

‘- strength was increased about 14,000 psi, or 4.5%. Thus the yield—to-uLtimate

ratio was increased by strain aging.
The ductlllty of the strain- aged conventlonal steels wWas strongly de—'

pendent on the pre- -strain tempexature, as seen. in Flg. 3. The maximum in

“uniform elongation at 750°F is less than that of the unstrained steel by

about 2%, viz., the amount of pre-~traln1ng. Thus, at a preastrain tempera-
ture of T50°F, it was possmb] to increase the strength by about %l w1th

a_concomitant loss in uniform elongution of 20% and with no loss in reduction
, v \
in area.
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The flow stress at the pre-strain temperatur?.decreased monotbnically'
with temperature’an& reflected none of the unduiations dbserved‘in the |
roém temperatﬁre'properties.

Similar piots-ére shown in Fig. 4 for specimens pre-strained at a highef
strain'rate (l.}leO-B sec-l). Trne dependence of yield énd ultimate
streﬁgth on the pre—sfrain temperature was néarly identical to that obtained
at the lower_stﬁgin rate; however, a maximum in uniform elongation was noﬁr
obse£§ed. Unliké the spécimens pre-strained at the slower strain rate, a
lafge decréase in the elongation, i.e., 50% or mofé, was observed at all.
pre-strain temperaturesvbelOW'750°F. There was also a decrease in feduction '

.in area at the highér_strain raté. The strength.increase was about 50,000
>psi, i.e., approximétely 20%. |

Tests conducted in thé initial phases of this study‘indicated that
low~post-€empering temperatures usually led to poor ductility. F@r eXamplé,

steels pre-tempered at 900°F, pre-strained 2% at 750°F, and post-tempered‘ :
between<300° and 800°F consistently had less than 4% ﬁniform elongation.
Strength increases ;imilar to those tempered at 900°F were observed but
both uniform eiongation and reduction in area values were‘always lowgr.

A minimum temperihg temperature of 900°F for H-11 steel is generally
recommended by producers for both the conversion of retained austenite and
for sufficient tempering of the as-quenched martensite. The lack of.duc-
tility for dynamically strain aged specinehs post-tempéred below 900°F |
‘may thus be related to these factors in the conventionally heat treaﬁed C
steels.

'(2) The Shape of the Stress-Strain Curve
The processing variables investigated, especiaily those of pre~stréin

and post-tempering temperature exerted a prbfound_influence on the shape



6f the stressastrain curve. The general typesvof stress-strain cﬁfves 
encountered in fhis investigation are shown in Fig. 5. AThe curve labeled
Type I iébtypical‘of conventionaliiy quenched and tempered steel viz., a
relatively low yield-to-ultimate ratio, a work hardening rate which-dee,

creases smoothly with increasing strain and a large region of uniform

plastic strain. This type of curve was observed on double tempered un-

strained conventional H-11 steel.

‘The’curVe labeled Type ©I wur characteristic of conventional steels
strained at room temperature and is similar to those obtained by’Stephenéon
and Cohehg ‘on:MBHO steel. The essential feature ofbthis type of pla;tic"

behavior is thé?bnset'of plastic instability at the yield stress. The

~ exact slope of the stress-strain curve at or near the yiéld appears to be

reiéted-to rheological factors determined by the shape of the specimen_és'

t

" well as by the method of determining the strain, i.e., whethér by measure-
f_‘ment of cross-head movement or by the use of an extensometer. 'Type IT

curves were observed for conventional heat treated specimens strained at

room temperature, fbr those pre-straingd in_the 600 °F range, and for
dynamically Strainiaged specimensvsubsequently'post-tempe;ed at d loy
Atempé?ature. |

. Type IiI.cﬁrves were observed for the con&entiénal sfeels that'weré

dynamically straihed and post-tempered at the highest temperature investi-

- gated, i.e}, 900°F, These curves are characterized by a high yield-to-

ﬁltiméte.ratio,umedium to large regions of uniform plastic strain, and by
featuréless stress-strain behavior beyond the yield stress.
Type IV curves exhibiting a yielid drop followed by a very low rate

of work hardening to fracture werc observed for conventional, steels

dynamically strain aged at pre-stinin temperatures on either side of the
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600°F embrittling range, i.e., either bet:cen 300° and 5OO§,Vor between

T750° and 800 °F. Fréquently, a slightly i:- reased rate of work hardening

would be evidenced at large strains as shci:. in a second example of Type
IV curve in Fig. 5.
The variation in the type of the stress-strain curve at room tempera-

ture with pré-strain temperature 3 siiown schematically in Fig. € for both

the slow and the fast strain rates. Tor room temperature straining, Type I

*

curves (unstable plastic behavior) were in evidence while in the middle .
temperature range Type IV curves {characterized by a yield drop). were
obtained and, finally, at the highest temperature, Type III cur?es (rela~- E
tivéiy featureieés with a relatively high yield strength and high.uniform
elongation) were exhibited.

A prominent feature of the room temperature stress-strain curve was

i' that of the yield drop. The magnitude of this drop (measured from the

was deter-

peak load to ‘the plateau of the curve beyond the yield point)

- mined for various processing conditions. The influence of the pre-strain

temperature on the size of the yileld drop at several strain rates is shown
in Fig. 7. The yield drop was exhibited over a pre-strain temperature

interval of about L4OO°F and its magnitude was strongly affected by strain

g rate.  The peak of the yield drop vs pre-strain curve for the slower strain -

rate is thrge times hiéher than that for the higher strain rate. The

yie;d drop peaks for both strain rates were at 600°F. At 800°F there was 
virtually no disqernable yield point shown at either strain rate. The
presence of these yield drops at both strain rates is reflected of éoursef'
in the yield strength vs pre-strain temperature curves és shown by the

broad maxima centered about (00°F in the upper panel of Figs. 3 and L.
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Lasfon Dheels

In general, the response of tie ausform steels to dynamic'strain
aging was similar to that of tne conveitbional steels. _As in the case
of the conventional steel, the variables of pre-strain temperature and
strain rate were investigated in greatest detail although limited studies
were made of the influence of pre- and post-tempering temperatures.

The ausform steels werc stronger and more ductile prior to dynamic

. > . ’

strain aging, and for the most part suffered a less catastrophic loss
in ductility at certein critical pre-strain temperatures than did the
conrentional steel. The pre-“tralned ausform steel was embrittled after l'

being post-tempered in the approximate temperature range of 600° to T50°F.

'Consequently, most experlments viere conflned to specimens post-tempered

at 900°F.
(1) Strength and Ductlllty ' .

The varlatlon of strength and ductlllty of the dynamlcally strained
ausform steel w1th pre~strain temperature at the slowest . (1.35%10 -5 ec-l)

and the fastest (1.35x10 - sec—l) strain rates employed are shown in Figsfﬂﬁl
8 and 9; respectively. All the data in these figures were from specimens:
xpre~temperedvet 500°F, strained 2% at the indicated pre-strain'tempereture,
-~ and post-tempered at 900°F. |

Thebdynamicaliy strain aged ausform steel specimens showed.an increase .
in yield strength varying from approximately 50,000 to lOO,QOO psi. The
- .yield strength increase was:strongly dependent on the pre-strain tempera-
ture, especially at the slower strain rate.. The ultimate tensile strength
was relatively insensitive to pre-strain temperature. A peak in>yield' |
strength and ductlllty at app: O)lult@]y 52”“? was'evident in specimens tested
at both straln rates. However, the effect was more pronounced at the "lower

strain rate, as shown in Fig. 8. At the peuk of strength and ductility,
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the yield strengthband elongation for the slow and the high strain rates

were, approximately 390,000 pai (a 36% increase) and 13%, and 359,000 psi

(a 30% increase) and 12%, respectively. The increase in uniform elongation

" over that of the unstrained specimens that was exhibited at both high and

ldw strain rates may not be statistically signifiéant. .
Thé'elevatéd temperature flow stress al two percent strain of.the

ausform steel drqps much more rapidly with temperature than that offthé

conventional steel.v The curves are féatureless - with the exception of

the single questioned point at 525°F for the rapidly strained specimens.

A limited number of tests were made on specimens pre-strained at low

temperatures (300° - L50°F) and post~tempered below 900°F. High strength

and excellent ductility Was'observed for specimens pre-strained and post=-

temperéd at or below 500°F. For example, at a pre;stréin temperéture of

500°F and a post-temperature of 350°F a yield strength of 397,000 psi and

an elongation of 10% was obtained. However, specimens post-tempered

between 500° and 800°F were brittle. | - o

"(2) The Shape of the Stress-Strain Curve

"Unlike the dynamically strained conventional steel, there were no
critical pré-sfrain temperatures which resulted in Type II (plastically

unstable) stress-strain curves for the ausform steels. Type IIL curves

were observed only for specimens that had been subsequently pbst—tempered

between 500° and T50°F. Type IV curves (showing a yield phenomena) were
seen for virtually all specimens pre-strained from 350° to 600°F while

Type III curves (featureless with vclatively high yield strength) were

‘exhibited for specimens pre-straincd between 750° and 900°F. The variation

in the shape of the stress-strain curve with pre-strain for several strain

rates is shown schematically in Fig..lO.
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The magnitude of the yield drop and its response to strain rate (at
the pre-straining temperature) in the ausfori. steel was similar to that

of the conventional steel, as shown ia Fig. 1.. As in the conventional

"steel, the yield drop was greatest in those speci.nias strained at the

slower rate. Although there is insufficient, data to confirm the indicated
trends, the peak for the maximum yield drop in the ausform steels appears
to be at a lower pre=-strain temperatﬁre (525°F) than that of the conven-

s

tional steels (about 600°F).
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MICROSTRUCTURE

An attempt was made to ascertain the structural changes caused by

strain aging, and to relate such chunges to the mechanical properties.

) g 3 L . . - . *
Carbide extraction replicas were prepared by standard techniques and.

examined in an electron microscope. In the case of the ausform steqls,v
no significant structural differences were observed as a function of
processing. Carbide replication hns however been successfully applied
to,dyna@ically étrain aged ausform steels of different composition,
notabiyiones lower in carbcn content. The reason for this difference in
replicating behavior is not known. Structural changes were observéd,
however, in the conveﬁtional steels, as is shovm in Fig. 12. -Agglomerates

of large carbide precipitates were observed in the unstrained steel, Fig.

12A. In the strain aged steels, Fig. 12B and C; these have been replaced

.byﬁé finer, more uniformly‘distributed, precipitate. The original pre=

éipiﬁate has appareﬁtly redissolved, and the carbon réprécipitated.
Similar dbservétioné‘were made by Stephenson and Cohen in statically
Straiﬁfaéed'hEMO.g The dynamically strain aged stfucture, Fig. 12C,
.consists-of avhighef volume ffaction of more uniformly sized pfecipitaies"
fhaﬁ the statically strain aged case, Fig. 12B. Attempts to identify‘
this precipitate by electroﬁ diffraction were unsuccessful. |

. The particle:spacing does not account fof the observed strength on
the'bagis of the Oréwan criterion for yielding.” This cfiterion assumes

that the yield strength is determined by the stress necessary to force

A carbon film is deposited on an electropolished specimen, and subse=

,quently removed by etching. Carbide particles, being insoluble in the

etchant, are retained on the carbon film.



a dlslocatlon between adjacent particles. This stress is inversely pro- '
portional to the spacing of the particles. At the observed (BOQ,OOO psi}
strengths, the particle spacing would have to be about lOOK to satisfy |
vthe Orowan criterion. This is close to the resolutioe limit of the car-

bide extraction technlque. Transmission microscopy, which has higher

resolution is being employed in cuirent studle
! SUMMARY AND CONCLUSIONS

The tensile properties of H-1l steel were significahtly changednby
dynamic strain aging. In both conventional and ausform H-ll steel, large "
increaseé in strength were obtained with little or no losskin ductility:_
‘Aas measured by percent elongatioﬁ. The effects of dynamic strain aging -

will be summarized separately fer cach type of steel.

Conventional (quenched and tempered) Steel

1. .Strainigg at room temperature follewed by aging resulted in
mechanical instability‘at the yield point, as found in a pre#ious study
of MBﬁO.F |

2. A 900°thempering temperatufe.was'required for'adeddete ductility
during prestrain. A similar post-tempering temperature was necessar& to |
av01d embrlttlement in the flnal test.

3. Prestrain temperatures of 300=450° F and 750—900 F produced gocd
~ combinations of strength and ductility.. Specimens stralned at 1ntermed1ate

.temperatures exhlblted 1nstabl11t1e‘ or embrlttlement A high strain fate_

| '(durlng prestraln) accentuated theuse effects.
4. Yield drops of up to 1),@00 psi oceerred during final testing
- after prestrain in the intermcdiate temperature range at the low strain

'vrate‘("10f5 sec_l). No yield dron: were seen after prestrain at the high
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(~10 secrl) strain rate.

5. . Microstructure

Carbide extraction replicus indicated that strain aging resulted
in solution of massive carbidss and the formation of a finer, more homo-
geneous precipitate.

AusTorm Steel

1. Mechanital instabiiities were not observed after either static
or dynemie strain aging. |

2. An initial tempering temperature ofv50fF‘was required to prevent
delayed cracking after the ausform processing. Both high ( > 750°F) end
low (-< 500°F) post tempering temperatures resulted in good combinations
of strength and ductilify. Tempering in fhe intermediate range resuited
in embrittlement.

3. YPrestraiﬁ temperatures up to 600°F resulted in useful strengﬁheh? ~
ing, with a maximumlat‘aboutv500°F. The strengthening effectvdecfeased
at higher temperatures. No embrittling range was«observed.

L. The yield drop behavior was similar to that of the'conventional

steel. '

Sample properties of strain aged conventional and ausform steels are

" tabulated below.
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Conventional - All Specimen:s Pre- and Post-tempered at 900°F,

" Strain - : :
Temp (°F) - YS ) UTS "% elong % R.A.
— . 236 306 9 15
300 308 316 8 13
750 - 319 322 8 15
900 289 330 6 18
Ausform - Pretempered 500°F
Strain Post Tempering . )
Temp (°F) Temp. ( °F) YS UTs % elong % R. A.
R 900 2T 325 . 11 20
300 - 350 ° 397 397 . 10 30
450 ’ 900 370 37k 10 | 19
525 . 900 o 3% 390 13- 27
600 - 7900 . 358 375 12 28

900 <900 - . 3kt 380 8 ko
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FIGURYE CAPTIONS

Dimensions of tensile specimen.

" Schematic diagram of thermcomechanical processing.

The response of conventional (quenched and tempered) H-1l steel

to strain'aging as a function of prestrain temperature. The
steellwas pretempered ét 900°F, strained 2% at a strain rate of
~‘1.0-5 séc-l and posttempered at 900 °F. |

The response of conventional‘(quénched and tempered) H-11 steel
to strain aging as a function of prestrain temperaturé. The

steel was pretempered at J00°F, strained 2% at a strain rate of

~5

~10 secfl and posttempered at 900°F.

The general types oi stress strain curves encountered with

"~ different processing conditions.

' The variation in type of stress strain curve with prestrain

temperaturé.for'bonventional H-11 steel at low and high strain

rates.

vThe influence of the prestrain temperature (at low and high

strain-rate) on the magnitude'Of the yield drop of conventional

H-11 steel during final testing.

The response of ausform H-1l steel to strain aging as a function:

of”prestrain temperature. The steel was double pretempered ét

500°F, strained 2% at a strain rate of —«lO-'5 sec_l, and post-

tempered at Q00°F.

-The reSponse of’ausfhrm_H-il'steel to strain aging as a function'

. C |
of prestrain temperature. The steel was double pretempered at

5

500°F, strained 2% at a strain rate of ~10" sec-l, and bost-

~ tempered at 900°F.
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Fig. 10

Fig. 11

. Fig. 12
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The variation in type-?frstress strain curve with prestrain
temperature for ausform H-11 steel at low and high strain rates.
The influence of the‘pyesprg}n §ehperature (@t low and ﬁigh
strain rate) on the mggn%@gge of the yiéld“afoﬁ of ausfofﬁ‘H-ll
steel during final tesﬁing. | |

Carbide extraction replicas of conventional (quenched and tempered)

"H-11l steel;

*

a) unstrained

b) strained 24 at TO'F, retempered at 900°F

" ¢) strained 2% at 750°F, retempered at 900°F.

Magnification 12,000x.
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A. Strain rate 10 %sec’
B
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B. Strain rate [073sec’™
MUB-39956

Fig. 6
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-.
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






