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THE KINETICS OF AUTO-TEMPERING IN SELECTED
PLAIN CARBON AND ALLOY STEELS

Paul Henry Zajchowski
Inorganic Materials Research Division, Lawrence Berkeley Laboratory and

Department of Materials Science and Engineering, College of Englneerlng,
Un1vers1ty of California, Berkeley, Callfornla .

ABSTRACT

The kinetics of auto—tempering were studied in five steels--AISI 1090,
AISI 1046 “AISI 4340, AMS 6416 (300-M), and mod1f1ed 4340+3/Sl at 51x
'tempering temperatures, 100 c, 150°C 180°c, 240°C 270 C and 300°C by?
an electrical resistance method. With 1ncrea31ng"1sothermal temperlng;
temperatures (100-300°C) the effects of the alloy1ng elements, upon
-the tempering rate, became progressively greater. Slllcon was’ observed;p_
to retard the tempering rate with increa31ng temperlng t1me at a flxed'
temperature. Also, the ductillty of steels tempered at 180 C was

found to increase with tempering t1me and to decrease with 1ncreasing

'silicon content.
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I. INTRODUCTION
_Manywafticies have been written on the tempering-of martensite in
steels.. The tempering process involves the segregation of carbon, the

precipitation of carbides, the decomposition of retained austenite, and

- the recovery and recrystallization of the martensitic structure. Because

" some of these reactions overlap and occur on such 4 fine scale, the

understénding‘of them is not complete. Even though'fhe tempering

.processes of plain carbon steels have been thoroughly studied and are
~ reasonably well understood, much more information is still needed to

- completely understand the complex effects of alloying elements upon the

tempering treatment.

In thiS'investigation two pléin carbon steeis,bAISI 1090 and AISI 1046,
and three ‘alloy steels, AISI 4340, AMS 6416 (300-M),‘ahd modified
4340+3ZSi; were studied to determine the effects of.alloying elements
in general, and silicon in particular, upon the kinetics of auto-tempering.
Specifically, this study was concerned with the first step of ﬁhe
temperingvpr0cess, the redistribution of carbon to:disllocations,2 énd
with ;he so-called first and third stages of tempering, the precipitation

of €-carbide in low carbon martensite and: the formation of cementite and

_'ferrite.3

Auto-tempering (sometimes called quench-tempering) usually occurs
dﬁring the transformation of steel from austenite to martensite.

Generally speaking, it occurs during the brief period available for

- carbon atoms to redistribute themselves during thefquenching process.v In

thick specimens, auto-tempering occurs as a result of the inside of the

sample cooling at a slower rate than the outside, hence the steel actually



tempers du:ing the quench. To study.the kinetics of auto-tempering,
it is necessary to suppress any tempering.duting,thé“quench. This can

"so-obtained"

be accomplished by very rapid quenching. However,‘;he_
martensite:is'bften mixed with sméll amounts ofAfetained'austenite,
which can be minimized by subséquent cooling to liqdidvnitrogen tempera-
tures. The fast cooling can be accomplished by using:a small diameter
wire. . Wi;h‘wiré'specimens, electric31 resistan¢é;chéhées provide an
excellent méans for moniforing the initial kineti¢$:6f'the tempering
process. |

The eleétrical resisfance.method waé selected‘ffom a variety of

possible experimental techniques (X-ray d:'Lffr.action_,'S-8 dilatometry,3’5

hardness_,g'magnetic_,lO and electrical'resistivity;"l’12

) that have been
used to study the kinetics of first stage teﬁpering in plain carbon
steels. This-method was chosen because the_resisgancé change, which
is a sensitive function of the tempering reaction;.cah be easily and
accurately measured with wire speciﬁens_almost immediateiy because the
wire‘coil at;ains the'tempering bath temperature within 2 secs. Thev_
other techniqges were édﬁsidered but‘eliminated for various reasons.
For example, X—rayvdiffraction was eliminated because.pf the pfoblems
of line broadening and strain.relief.G Use of the:dilatometry-technique
is reStricﬁed by the sample size and instrument ihsﬁﬁgility at the
beginning of.ﬁhe reaction.s

vdriginally, in situ measurements in the temperihg'bath'were to be
¢onducted,'but.because of serious heating problem; and difficulties
in_obtaining an ig_gigg.high temperature temperingxmedium, the specimens

were tempered in the bath and the resistance then‘measdred at room

R



temperature. The experimental method was successful and provided the
desired tempering data.

A secondary objective of this investigationvwas to study the

influence of tempering on the ductility.13 A measure of ductility

was obtained by stretching the coiled specimens at room temperature

until they broke.



II. EXPERIMENTAL PROCEDURES

. AL Maﬁerial Preparation

: The_id90 steel usea in this sfﬁdy,wés obtaiﬁed c6mmerciaI1y,in
wire forﬁ with the'desifed diametef of 0.020 in;.t0.0gl #m’..aThe
1046vstéél£§as fééei&ed csﬁmefcially‘as‘av1/&vin. diameter rod'#nd tﬁén
waé cold;swaged'to-0.0ZO in. diameter wire. The ailqy stéels,.AISI 4340
‘and AMS 6416?(300—M)‘Were'received 35 5/8.in.:thiék ﬁarfstpck in the
. fd11y'anhea1ed condigion: The 4340+3%Si'steel waé'ﬁéde'frbm commercial
.AISI 4340'étee1vthat was reheitéd and to thch 3%éi was added. A 4 13.:
ingot:wasfhohbgéniZed in vaéUum for 24 hrs at 1200fC'énd then forged and
hot rolled.inio bar stock, 2 1/2 in. wide and 5/8 iﬁ. thick. Finally,
the bar was softened by holding it at 600°C for 4 hrs,vleaving i; in
the same soft condition as the 4340 and 300-M. Seétibns 3 in. long were then
cut from bars of each of ;he ;hree alloy s;eels.' Theée pieces were hot .
rolled atQ900fC to 1/8 in. thick and then sheéted.ihtb 1/8 in. wide
strips. Néxt;'the'strips were wiré draﬁn'down toﬁb.OZQ in. diameter
wire, with annealing being done when necessafy.

Finally, pieces 8 in. (20.3 cm) in length'wére cut froﬁbthe wires
of ail five steels and wound into coils 1f1/4 inf'ih;iength. -The éiact
dimehsions_df:the speciﬁens are given.in Fig.VAB.A The;chepical.com-
pOsitions_oflthe sﬁeels are listed in Table I. -

B. Transformation Technique and Apparatus

Before heat treating, 6 in. long chromel leads were resistance
welded to the ends of each specimen, as shown in Fig. 4. The leads
were later used to measure the resistance changes dgring.tempering. The

specimen was then attached to the sample-holder and Aﬁstenitized at

LY



about 910°C in a helium (99.998% pure) atmosphefe. The austenitization:
was carrie& out by passing current through the coil.sample for 2 min.

The approximate austenitizing temperature was measured by an optical
pyrometer. '(The austenitizing time and temﬁerature were determined and
the absenée of specimen oxidation wasbcoﬁfirmed,:on the basis of various
preliminary tests and subsequent chemical analysis}) Specimens were
quenched-byaéimultaneously shutting the current pffuand pushing the
sample-tube assembly into a 107 brine bath. (The‘quenching rate was
sufficieﬁtly high so that auto-tempering was minimized. All the steels,
except 1090_transformed nearly completely to martensite, although smail
amounts of;fétained austenite were undoubtedly preéént in some of the
steels.) After quenching, all specimens were imﬁe&iapely transferred

to the 1;§u1& nitrogen storage chamber where they were held until needed.
The liquid:nitrqgen helped to insure transformation of the retained
austenite.15

A schematic drawing of the transformation apparatus is provided
in Fig. 1A, and a schematic drawing of the samplé hélder is displayed

in Fig. 4A. A photograph of the equipment is shown. in Fig. 2.

C. Tempering and Electrical Resistance Techniques and Apparatus

The tembefing studies were carried out isothermallyvat ;ix tempera-
tures, 100°C, 150°C, 180°C, 240°C, 270°C and 3007¢; Tempering data at.
‘the higher témperatures (240°c, 270°C, 300°C) weré Qéllected over
3 hour peribds, while data for specimens temperedlét.the lower

temperatures (100°C, 150°C, 180°C) were obtained for 100 seconds,



withbthe'eiception of the 100°C déta wﬁich was céiiééﬁéd for 1 hour.
Boiling waﬁef.was used for iOO°C tempering;va thgfﬁéététically controlled
salt pot:kt3/Z°C) was used for the other teﬁpéfétﬁfes.‘ |
- The éhanges‘in»electriéal resistance during tempering were'defermined

as a.function of‘fime,’wifh all measufeméﬁts béiﬁg made at room tempera-.
ture. Since fluctuations in réom temperaﬁure'affécé‘the.electfical‘
resisfance, standérds were used‘to'Calibraﬁefthe éYé;ém for'rOOm‘
téﬁperatufe:chaﬁges; The standard specimen Qf éécﬁ_éteel Qasvidentical
~ to the test épecimen’in every way except that itr§a§ quendhéd and
tempered a£ 345°C in a salt béth.for 25'hrs, A Variatidﬁ of 1° in room
temperatufe c;uses the resistanéé to changé by abbutIO.ZOZ, A current
of 0.1A was passed through the'sample circuit fromL; constant current
source. Thé7two chromel leads 5pqt-w¢1ded to_thé'énds of the sample
were cénnecfed to é differential voltmeter to measure the potential drop
across the ¢;i1. Volﬁmeter readings were reproduciﬁle within +0.075%.
A schematic drawing of the’reéistancebmeasuting.apparatus is provided
.in Fig. 1B. A photograph of the tempering equipment is shdwn in‘
Fig. 3, and ‘a close-up of the Sample—holder is provided in Fig. 5.
Figure 6 displays the block diagram for the eledtriéai'circuit.

The experimental procedure for making the eléct;ical resisténce
measuremeﬁ#s-éonsisted of the following steps: “_‘ S i

1. The voltmeter and constant current source were turﬁed on and |
remained on thrOughout the eﬁtire investigation; cﬁrrent was passed
through the‘specimen only whenvmeasurgments were bgiﬁgzmade.

2. The resistance of the standards was meésﬁféd,and the system

- calibrated. '(Thé standard was measured before and after the completed ' ;

tempering‘;est?of.each specimen.)



-7-

3. The specimen was removed from the liquid nitrogen container and

dried with a blast of compressed air.
4., The specimen was then attached to the stainless steel terminals,

the leads_yere connected to the voltmeter, and the current was turned on.

‘5. The resistance of the sample was measuréd; énd the room temperature
was recordgd'to a 1/4°C.

6. .ihe‘current was turned off, and the coil éﬁécimen was- removed
from the hol&er and placed in the tempering bath.

7. The épecimen was tempered for the selected time, with time being
allowed fofi the sample to reach the bath temperatu;e. ‘(Samplevwarm—up
time wasvdétermined by X-Y recorder tests. Specimeﬁs tempered in
boiling watef reached 100°C in a fraction of a secoﬁd;’l sec was allowed
for the spécimens to reach 180°C and above, while 2 éeds were allowed ”
for the specimens to attain the 150°C tempering temperature.)

8. After tempering, the specimen was immediately quenched in water;
removed and then dried with a blast of air.

9. The specimen was attached again to the sbetimen hoider and the
resistance measured.

10. Tﬁe.procedure from step 4 was repeated Conﬁinuously for the
duration of the particular tempering study.

D. Ductility Test

A ductility test was conducted oﬁ specimens of all the steels,
except 1090,vin the "as-quenched" condition. and after tempering at 180°C

for 2 secs, 10 secs and 100 secs. The test was also performed on the

coils of all steels tempered at 100°C for 1 hr.

The test consisted of manually pulling the coil specimen apart
until it broke. By visually comparing the resulting changes in length

of the broken specimens,a measure of relative ductility was established.
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III. RESULTS AND DISCUSSION

A. General Discussion

The resultsrof'this resisfometriC»study are expressed as the ratio,
(AR/R) of ﬁhe change in resistance to the initial £esistance of the
steel measured at room témperaturé in "as—quénChéd" cpndition. Through-
- out this investigation, the estimated error in_making each measﬁrement
is indicatéd by the éircle»size on.the graphs.

To correlate’the present obtained data with that of earlier studies,
the initial resistance readings for ali five steelé»ﬁave beeh converted
 to electricéivresiStivities, whiéh ére listed in.Tabie II. The initial
'resistivifies‘for the 1090 and 1046 steels are sligbfiy 1owér than
those reported by previous investigatdrs.z’ll

Theifate of change of reéistahce'was found té'véry with carbon
contentvin the plain carbon steels and with silicon conteﬁt in the
'»alloy steels. _The.magnitude of the résistance chaﬁges at a fixed time
incréased sharply with tempering tempefatufg, and it1§as on this basis
that the resdlts have been grouped together. The low temperature
studies COnsiSte& of the stgel specimens temperedvgt”lQO°C, 150°C and
180°c, whilé‘the high teﬁperéthre studies consistedvof those samplés

tempered at 240°C, 270°C and 300°C.



B. Low Temperature Studies

During the tempering of the steels at the low temperatures, the
initial etep.of tempering occurs2 and the so—calle& first stage of
tempering begins and becomes almose complete in'tﬁe'ﬁlain carbon
st:eels.s-"17 .The resistance changes for all five steels tempered
at the three temperatures are tabulated in Table III, and the resulting
curves are shown in Figs. 7-11.

In alI five steels the effect of tempering was to cause a progressive
decrease in the electrical resistance with tempering time. In agreement
with the known kinetics of the so-called first stage of tempering, the
reactien was observed to start without an incubation period and
proceed at a fapidly diminishingbrate.z’s’ll The ﬁagnitude of the
resistance changes in plain carbon steels increased greatly with
carbon content, as illustrated by the 1090 and 1046 curves,while the
magnitude of the changes in the alloy steels 1ncreased with decrea51ng
silicon content, as indicated by comparing the 4340 300—M and 4340+3%Si
curves at all three temperatures.

At 100°C, the steels were tempered for the first 100 secs to observe»
the auto-tempering rate and then tempered for a total of 1 hr.to determine
the effect of a longer tempering time. The curves for all five steels |
showthattﬁe4resistance change initially decreasee'at;a gradual rate
during the first 100 secs. During the remaining 1 hf»of tempering,
however, there is a relatively large resistance decrease. This result.

is d1fferent from that obtained for the steels tempered at 150 C and

180°c, where much of the tempering occurs in the first few seconds
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and then the rate gradually diminishes with time. These characteristics

at 100°C élSdihave been observed by King'and'GloVer,;l’lS,

Tempering at temperatures of 150°C and 180°C f§su1£¢&'in cgrves
for all fivé stee1s'§£ich éh0wed thé electfical_:esistancé_décréééing
;cbﬁtinﬁouslykﬁith_time. Thefe was no initial "gfaduél rate chénge"
region like ﬁhat.fdﬁﬁd atv100°C. Preéﬁmably, carbide brecipitatioh begins
'-almést imﬁediéteiy>updn temperihg at these:temperatures and the resistance.
decreéses éoﬁtiﬁuously_as this precipitatiéﬁvcontinﬁés. This Sehavior
. is‘consiéten£ with the formation of e-carbide.? |

In order’to get a betfer iﬁdication Of'allofiﬁg elemént effecgs,
and in particglar the influence of silicon, the ébsolﬁte resistance
changes with tempering time at these temperatures“were detérmined and
plotted. vThe_values are listed in Table IV and the c#rves'are shown
in Fig. 12 for the 1046, 4340, 300-M and 4340+37Si steels.

At 100°C, Within the first lod'secs of tempefing; the absolute
resistance changes are practically the same for all four steels. After
100 secs, however, and up to 1 hr the resistance differences among
- the steels iﬁcrease rapidly with time. It appearé tﬁat within the
first 100 seés the alloying elements have very iiftle,}if any,.effect
on the tempering rate. After the first few minutes,jhowgver, the ‘
alloying eleﬁents,'partiéularly silicon, exert suffiéient influence to
decrease thg tempering rate. As a result, after 1 ﬁﬁvfhere is a
relative difference among the fesistance changes such that 1046 >> 4340 >
300-M > 4340'>‘4340+3ZSi, as indicated in Fig. 12.: At 150°C and 180°C,
lthe differences in absolute resistance change amoﬁg #he steels occur

almost immediately and become greater with time. The7rgte changes between
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the higher silicon steels (300-M and 4340+3%), hqwéﬁer, remain relatively

the same throughout the first 100 secs of tempering at both temperatures.

‘Thus, at 150°C and 180°C the alloying element effect (particularly
v silicon) is  immediately apparent, whereas, at 100°C the alloying

‘element effect is not really noticeable until after at least 100 secs

of tempeting.' The results found here are contrary to earlier studies,l7’19

which stéted’that silicon does not alter the kinétiéévof first stage
tempering,‘bUt are in agreement with the results of»King and Glover,
who found silicon to retard the first stage of temﬁe;ing in steels.18

-An attempt was made to calculate activationvenergies for carbon
diffusion in the five steels at the three lower tempering temperatures.
The values-wefe determined in the customary manner from the rate
equation:"

1 _ A exp (-Q/RT)

wheré t is tiﬁe, A is a constant, R is the gas conSfant, and T is the
reaction temperature in absolute degrees.20 The empirical activation
energy, Q, was estimated by solving the equation simultaneously (for Q)
at two temperatures with the corresponding time necessary to reach a
certain stage of the reaction. A sample calculation;ié shown in the
Appendix. Thé subsequent activation energy valueé'a;é an average of
the results_&etermined from combinations of the threé.temperatures.
Because of the large resistances changes that occur so rapidly,
accurate estimates of activation energy cannot be obtained at the
start of tﬁe'reaction, consequently, the activation energies were

calculated after at least 10 seconds of tempering. The calculated
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activatién.energies“were found-to-increqse'ﬁithigeépering timé at the
bEginning of the feaction. The range'of the actiVétion energy for-‘
~each of the steéis is listed in Table V.

It appears that in both plain carbon steelg the_first stage
reactions occur relatively quickly, as indicateazby the nafrow activation .
.energy range, and they épproach é steady stéte; Iﬁ}the élldy steels,
 the_process oécUrs at slower rates so that longefftéhpéring fimes are
necessary to complete the reaction. The differentéé:in activatidﬁ
eﬁergies'bétween the plain carbon and alioy steelé‘élso indicate thé'
effect of silicoq in retarding tempering. fhe activation energies
eétiméted fér-the 1090 and 1046 steels are.in reasonéble.agreement
with earlief reporfed values.s"21 The result of_ééti#ation energies
increasing with reaction time at the beginning of théﬁtempering proceés
was theorizéd'by Hillert,22 and has been establiéhéd experimentally‘

by Gerdien.23

C. High Temperature Studies

The resistance éhange-time curves of specimehé_tempefed at 240°C,
270°C, and 300?C were similar to those tempered at'150°C and 180°C;
The magnitudé_bf the resisfance changes, however, wéé much greater and -
increased to a greater degree with increaées in témpering temperature.
In all five steels, a large part of the resistance change occurs
within the first five seconds, after which, the raté of electrical
resistance changes coﬁtinuously decreases with time;ét-all temperatures.
_ The resistance changes for the speéimens tempered ‘at the higher tempera-

tures are listed on Tables VI through VII and the reéﬁlting curves are

shown in Figs. 13-17.
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In both;of the plain carbon steels, a large'amohnt of tempering
occurs withiﬁ the first 5 secs, yet a significanﬁ péft still oécurs
within tﬁé next 3 hrs. -This trend is probaBly avfeSUlt of the so-called
third stage of tempering, i.e., the formation oficementite and ferrite

which occurs within this tempering range.z’24

The mégnitude of the
resistance changes for the 1090 steel is much gregferuthan the chahges
for the 1046 éteel, as is to be expected.

‘In thé.ailoy steels, the 4340 steel tempers'aﬁ a faster rate
than the 300-M and the 300-M tempers faster than 4340+3%Si. This
can be seen by comparing the slopes of the curves after the first few
seconds of-tempering. The data clearly show that thefaddition of
silicon retards the tempering reactions occurringvat these temperatures.:
This siiiconaéffect has been reported by earlier in#estigatbrs.l7’19’25’26

The "apparent' activation energies of each of the steels for the
complex reactions occurring at these tempering temberatures are listed
in Table IX. The activation energies were found to increase with initial
tempering ﬁime, but to a lesser extend than those éélculated at the |
1o§ef temperaturés; consequently, only the averagé estimates are
tabulated. The ac;ivation energies were calculated'hy the method
describedip?éviously in determining the lower tempetafure results.

The "apparent activation" energies calculated for the 1090 and
1046 steels at these high temperatures are somewhat near their calculatéd
values for ;hg first stage of tempering at the lower temperatures. The

values calculated for the alloy steels are much higher than those of

1090 and 1046,vand are definitely influenced by the éilicon content.
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' InéreaSiﬂg tﬁe silicon in thevstéel increaseé thef"é?parentﬁ'activatiop energy
for the t¢mpering reactiéns at these tempérapureé.3;§imilar activation

| enefgy-values wefe reﬁorted by Owgn in his‘invesfigation of silicon

effects on ;he kinetics of‘tempefing for the thirdvétage reactions.l
The*géneral effect 6f’silicon_on tﬁe_kinetics of thé tempering pfocess

| . : . : . . i . 2
at these temperatures is to retard the precipitation of cement1te.l7’19’_6

D. Ductility Tests.

Relétivevductility teéts‘wgre performed onYStee1‘Specimené of
1046, 4340, 300-M and 4340+3%S1i in the "as—quenéﬁed" coﬁdition and
after tempering at 180°C for.Z seconds, 10 seconds and 100 seconds.
The results:afe shown in the series of photograﬁhs éé depicted in
Figs. 18-21. o

The S£éei specimens of 1046, 300-M and 4340+3Z§i‘were all brittlé
in the "as-quenched" condition. However, the 4340 coil, did rather
unexpectedly exhibit some ductility.

The relative ductiliﬁy increased with tempering time for each of
the steels-tempered at 180°C. The magnitude of thé ductility increase
was inversgly related to the silicon content of tﬁévsteel. Thus with
tempering time, the relative increase in ductilit§»&as much greater in
the 1046 and 4340 steels than in the high silicon steels (300-M and
4340+3%Si5.  Génera11y, both the 1046 and 4340 stéelsvshowed-relatively
moderate increases in ductility with tempefing time before breaking.
The 300-M steel exhibited a ductility increase, bﬁt td_a much 1esser.
extent than the 1046 or 4340 steel. Tﬁé‘4340+3%Si stéél shoﬁed a very

I : o .
small increase in ductility as a function of time, even after 100 secs
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of tempering. The contrast in ductility between the 1046 and 4340+37%S1
steels after 100 secs of tempering was quite impressive, with the change
in length of steel 1046 increasing by a factor °f,1§5’ whereas the
4340+3%S1 length change increased by only 0.13.

- The relative ductilities of the four steels'témbered for 1 hour

at 100°C isjillustrated in Fig. 22. The steel duétility decreases with

‘increasing silicon content, analogously to the 180°C tests. Thus,

the order of.ductility for the steels is 1046 > 4340 > 300-M > 4340+37S1i.
The ductility of each steel tempered at 100°C alsb‘gorrelates reasonably
to those speéimens tempered at 180°C, when time ana“témperéture are
taken into_account according to the rate equation;;fFor example, the
length of:fhé'pulled specimen of 4340 tempered atjiOO9C for 1 hr is
between the 1ength of those specimens tempered at 180°C for 2 secs and

10 secs.
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Iv. CONCLUSIONS-

1. .At.théin0°C tempéfing.témperature, thelalibying eleménts were
»found to hgvé very little effect upon.theviﬁitial’kinetics ofvtemperihg;
But.wiéﬁllqﬁger temﬁeriﬁg fiméé-the effect of.silicon Qn'retarding the
tempering pfocéss'was clearly‘evident;

2._vwiﬁh,incféasing tempering témperatUres,'thev;ate of tempering
became greatér, and with increaéing tempering time fhe a;loying element
éffects,_éspecially that of silicon,became more-doﬁinant in reducing
the teﬁperingvrate, | |
| 3. fheAactivation.energies increased with fﬂére;sing tempering'
time for each steel;until a sfeady sfate wésvreacﬁgd;:

4. Dhctility in the wire specimens tempe?ed a# 180°C was found to
increase ﬁitﬁ.increases in tempering times while the duétility

decreased with increased silicon content.
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- APPENDIX
‘Formula: . T = A exp(-Q/RT):
Simultanéoﬁs Equations:
InL = 1nA - Q/RT
t 1
l .
In = = 1nA - Q/RT
t 2
2 ,
‘ . R(ln %’ - 1n %-)_
Solving for Q: Q = - 1 i 2
: : . (E' - E‘)
T2 71
Example -

For 1090 steel, corresponding to the stage of the process where

AR/R = - 8%

Reaction data: tl =.36 se¢é  T1 = 423°K (150°C)
t2 = 3600 secs T2 = 373°K (100°C)
R = 1.98 cal-°C/mole
Substituting: T 1 1
’ (In == - 1In ——= )
Q = (1.98) 36 ~ " 3600
1 _ L
373 ~ 423
9.12
Q= 1 1
(3537 - 753)
373 423

Q = 28,800 cal/mole
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Table I. Chemical composition of steels:(given in wtZ).

Mn

Steel C Cr Mo Ni Si -~V

AISI 1090 0.90 0.05 0.79 <0.01 ‘0405 0.23 -
ATST 1046 0.46 0.04 0.68 <0.01 0.04 0.16 =
AIST 4340 0.40 0.74 0.71 0.23 "1.72 0.28 -
AMS 6416 (300—M) 0.39 0.79 0.73 0.41 ‘.1;72 1.64 0.06
4340 + 37 Si 0.40 0.72 0.70 0.22 '1.66 3.23 -

Table II. 1Initial electrical resistivity.

Steel 0 (uohm—cm)

1046 23

1090 28

4340 33

300-M 52

4340 + 37 Si - 65
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'Téble ifI. " Resistance chénges during iSothermal'
C ~ tempering at 100°C, 150°C and 180°C.

AR/R%, After Indicated Times .

Steel
" Time 1090 1046 4340 300-M 4340 + 3751
at 100°C '

. 2sec  0.60 0.25 0.10 0.06 0.07
5 sec  0.87 0.45 0.17° 0.10 - 0.10
10 sec 1.15 0.55 0.27 0.15° ©0.13
30 sec 1.75 0.70 0.45 0.21  0.17
100 sec  2.35 0.95 0.62- 0.31 0.23
3600 sec 8.00 3.69 1.92 0.89 °  0.57

at 150°C

2 sec 3.24 1.47 0.91 0.53 ° ° °0.40
‘5. sec 5.00 2.18 1.31 0.79 . 0.57
10 sec 6.11 2.80 1.68 1.00 . 0.72
30 sec 7.69 3.50 2.28 1.30 0.92
100 sec  9.58 4.41 2.75 1.55 1.21
at 180°C

2 sec 6.57 2.76 1.70 0.94 -  0.70
5 sec 8.49 3.73 2.35 1.27 ©0.97
10 sec  9.57 4.36 2.75 1.49 ' 1.14
30 sec  11.40 5.14 3.23 1.76 1.35

100 sec 12.66 5.87 -3.74 2.04 1.59
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Absolute resistance changes during
isothermal tempering at .100°C,
150°C and 180°C.
AR (><10_3 ohms) after Indicated Times
Steel
Time 1046 . 4340 300-M 4340 + 3% Si
“at 100°C S
2 sec 0.5 0.3 0.3 0.4
5 sec 0.9 0.5 0.5 0.6
10 sec 1.1 0.8 0.7 0.8
30 sec 1.4 1.3 1.0 1.0
100 sec 1.9 1.8 1.5 1.4
3600 sec 7.4 5.6 4.3 - 3.4
“at 150°C
"2 sec 3.1 2.7 2.5 2.4
5 sec 4.6 3.9 3.7 3.4
10 sec 5.9 5.0 4.7 4.3
- 30 sec 7.4 6.8 6.1 5.5
100 sec 9.3 8.2 7.3 7.2
~at 180°C
2 sec 5.7 5.0 4,3 4,1
5 sec 7.7 6.9 ° 5.8 5.7
10 sec 9.0 8.1 6.8 6.7
30 sec 10.6 9.5 8.0 7.9
100 sec 12.1 11.0 9.3 9.3
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_'TablenV.'”Véldes_of‘Q at Low Temperatures.
(100°,150°,180°C) Qq, cal/mole.

Steel » " Range

1090 28,800-29,100
C1046 27,500-28,100
430 30,000533,90Q-"
3004 - 31,800-38,100
a0 +3zsi 32,600-41,100
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Table VI. Resistance changes during isothermal
S tempering at 240°C. :

AR/R%, after Indicated Times

Steel
Time ' ' .
(sec) 1090 1046 4340  300-M 4340 + 375i
3 17.45 5.81  4.11  2.49 - 1.84
18.06 6.36  4.41  2.65 - 1.93
10 18.80 7.00 4.68 2.82  1.99
20 19.69 7.54  4.91  2.96 2.08
30 20.18 7.79  5.04  3.02  2.13
60 21.16 8.28 5.31  3.16 . 2.20
100 21.89 8.63  5.47  3.25  2.26
120 22.13 8.73  5.57  3.29  ..2.30
180 22.66 8.88  5.80  3.36 . 2.33
300 23.35 9.22  6.04  3.49 2.40
600 24.17 9.58 - 6.30  3.63  2.50
900 24.49 9.81  6.47  3.69 2.53
1,200 24.82 9.91  6.60  3.76 2.60
1,800 25.22 10.11  6.73  3.87  2.64
6,000 25.87 10.55  7.20  4.14  2.79
9,600 26.12 10.75  7.36  4.29 . 2.84
12,000 26.20 10.80  7.46  4.34 - 2.86
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Table VII. Resistance éhanges_during:iébthefmal
o tempering at 270°C. - o

AR/RZ, after Indicated Times
v Steel ‘

~ Time . o - B v
(sec) 1090 1046 4340 300-M. 4340 + 3781

18.79  6.84 4.70 3.10 2,17
19.61  7.51 4.99  3.27 = 2.25
20.20 7.95. 5.15 3.37 . 2.30
14 21.02  8.34  5.37  3.49 . 2.36
25 21.80 8.67  5.59 3.58 2.44
36 22.39  8.92 5.71 3.69 - 2.49
66 22.97  9.35 6.06  3.82 _  2.58
108 23.48  9.54  6.22 3.90 - 2.63
130  23.68 - 9.64 6.28 3.94  2.64
190 24,15  9.69  6.44 4.00 2.68
310 24.62 9.98 6.63 4.09 - 2.75
620 25.40 10.31  6.94 4.23 . 2.88
900 25.60  10.46 7.13 4.36  2.95
1,200 25.87 10.65 7.29 4.41 . 2.98
1,800 26.18 10.75 7.48  4.49 . 3.00
6,000 26.81 11.18 7.86  4.70 3.14
9,600 26.97 11.33 7.95  4.81 . 3.17
4.83 1 3.19

12,000 27.05 11.42  7.99.
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- Table VIII.Resistance changes during isothermal
o tempering at 300°C.

AR/R%, after Indicated Times

Steel
Time v v :
(sec) 1090 1046 4340  300-M © 4340 + 3%Si

3 20.54 7.76  5.55 3.65 © 2.6l
21.32  8.28  5.79 3.78 2.65

8 22.01 8.70 5.97 3.89 2.72

14 22,75 9.13 6.19 4.01 2.80

25 23.40  9.47 6.50 4.16 2.84

36  23.98 9.70  6.63 4.23 - 2.89

66 24.63 9.99  6.90  4.33 2.98
108 25.08 10.27  7.10 442 3.02.
130 25.20 10.32  7.200  4.44 3.04
190  25.49 10.46  7.30 4.51 ° 3.07
310 25.82 10.70  7.54  4.61 3.12
620 26.23 10.88  7.64 4.70 3.21
900  26.55 11.03  7.74 4.78 3.25
1,200 26.72 11.07  7.84 4.85 -~ 3.28
1,800 26.96 11.17  7.98 4.93. 3.33
6,000 27.62 11.59 8.25 5.10 3.43
9,600 27.70 11.69  8.31  5.15 - 3.46
12,000 27.78 11.74  8.38 5.19 3.49
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Table IX. Values of AH at high: :
temperatures._(240°,2709,300°C)

Steel . b, cai/mole-(avefégé)
1090 . 27,700, -
‘1046 129,600

4340 - 34,600

300-M 51,300 -

4340 + 3% Si - 60,000




Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

1.

10.

12.

13.

14,

15.

. =29-

FIGURE CAPTIONS
(A) Schematic of transformation apparatus. .(B) Schematic of
reéigtance apparatus. - |
Photograph of transformation equipment.'»”v
Phdtograph of tempering equipment.
(Aj Schematic of sample-holder. (B) Samplé aimensions.
Photograph df sample-holder.
Schematic of electrical circuit for resistanée apparatus.
Percent resistance change vs tempering time.for;1090 steel at

100°C, 150°C and 180°C.

'Percent resistance change vs tempering tiﬁe-for 1046 steel at

100°C, 150°C and 180°C.

Percent resistance change vs tempering time for 4340 steel aﬁ
100°C, 150°C and 180°C. |

Percent resistance change vs tempering time for 300—M steel at
100°C, 150°C and 180°C.

Percent resistance change vs tempering timg'fbr.4340 + 3% Si
at .100°c, 150°C and 180°C.

Absolute resistance change vs tempering time for 1046, 4340,
300-M and 4340 + 3% Si at 100°C, 150°C and 180°C.

Percent resistance change vs tempering time for 1090 steel at
240°€¢, 270°C and 300°C. |

Percent resistance change vs tempering time fqr 1046 steel at
24050; 270°C and 300°C.
Percent resistance change vs tempering time for 4340 steel at

~—

240°C, 270°C and 300°C.
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Percent resistance change vs temperingetimevfor 300-M steel
at 240°C, 270°C and 300°C.
Percent resistance change vs tempering time for 4340 + 3% Si

steel at 240°C, 270°C and 300°C.

Relative ductility Qf 1046 steel coils tempered at 180°C with time.

Relative ductility of 4340 steel coils. tempered at 180°C with time.
Relative ductility of 300-M steel coilsvtempered at 180°C with

tiﬁe.

iRélative ductility of 4340 + 3% Si steel coils tempered at 180°C

with time.

Relative ductility.of 1046, 4340, 300-M and 4340 +‘3Z Si steel

" coils tempered at 100°C for 1 hr.
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RELATIVE DUCTILITY

OF
1046 STEEL COILS

TEMPERED AT 180 °C FOR INDICATED TIMES
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RELATIVE DUCTILITY
OF |
4340 STEEL COILS

TEMPERED AT 180 °C FOR INDICATED TIMES
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Fig. 19,
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RELATIVE DUCTILITY

OF
300-M STEEL COILS

TEMPERED AT 180°C FOR INDICATED TIMES
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RELATIVE DUCTILITY

OF |
4340 + 3% Si STEEL COILS

TEMPERED AT 180°C FOR INDICATED TIMES

TEMPERING TIME
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I0 SECONDS Py iy \/”\/\/\i'\f\.:\;)I
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Fig. 21.
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RELATIVE DUCTILITY

OF

STEEL COILS

TEMPERED AT 100 °C FOR ONE HOUR
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Fig., 22.
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