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Hardness of tempered steels wasinvestigated for five types oflow alloy

steels′ including high strength steels and ferritic heat resisting steels･

Tempering was carried out bY tWO different ways;the quenched specimen was

held at a constant temperature, andit was
subjected

to a rising temperature

with a glVen heating rate･Hardness of tempered steelis a function of the

tempering parameterincluding temperature and time･=n this paper, three

parameters
were emploYed for three tempering processes of l)decomposing

martensite′ 2)delaying softening by the alloy elements and 3) secondary

hardening by precIPitating fine carbidest such as M02C and V4C3･Although

these parameters have the similar form of the conventional tempering para-

meter, 入,three different values of activation energies were emploYed for

three processes. The changes of hardness brought by three processes were

expressed by the functions of alineart logistique and Gaussian distribu-

tionr respectively･The measured hardness could be approximated by the total

of three functions.

Key words‥ Temperingt Hardnesst low alloy steelt tempering parametert

delay of softening, SeCOndary hardening

1.=ntroduction

=tis one of the mostimportant problems to clarifY the effect of tempe-

rature and
time on the progressin the tempering of quenched and hardened

steels′ nOt OnlYin the heat treatment of steelbut alsoin thelItemperingin

a wide sensel一. such as PWHT(post weld heat treatment)and the welded struc-

tures used at elevated temperature.

Severalconditions areinv0lvedin the tempering oflatter case,and many

experimental works wi11be required for confirming the relationship between

those conditions and the properties of
tempered materials. Experiment,
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however,Willbe almostimpossible whenit simulatesr for example′ the condi-

tion of a boilerr whichis operated more than sever･alyears.

Tempering parameter has been proposedin order to evaluate the effect of

time and temperature･This parameteris appropriate to estimate the hardness

Of tempered plain carbon steels′ because the hardness of steelsis contr01led

mainlY bY the diffusion rate of carbon･For alloy steelsI SPeCialcarbides

(Carbide of a110ying element)willinfluence the hardness,influence of which

Will beindependent of theinfluences of other reactionsISuCh as the decom-

POSition of martensite. the precipitation and coalescence of cementite(iron

Carbide).Alloying elements willalsoinfluence the diffusion rate of carbon.

=n this paper,the authorsinvestigate the hardness of temperedlow alloy

Steels,and proposed the modified method to evaluate the hardness by the

tempering parameters.

2.Experimentalprocedures

Chemicalcompositions of steels arelistedin Tablel. S25C and S55C are

Plain carbon steels without any alloying elements.HT60is60kgf/mm2 class

high strength steel,COntaining vanadium of O.03!,and HT80is 80kgf/mm2

Class high strength steelr containing chromiumlm01ybdenum and vanadium( aS

the carbide forming elements.Ferritic heat resisting steels.1/2M0.1Cr-1/2Mo

and21/4Cr-1Mo contain only chromium and m01ybdenum as the alloying element.

Blanks ofllmmin diameter and 200 mminlength were machined from steel

Plates･ They were austenized at1225 K forl･8 ksl and then quenched into

Water･ The quenched specimens was judged to have fully martensitic micro-

StruCture. because their hardness agreed with that of martensite estimated

from each carbon content.

Quenched specimen were tempered bY tWO WayS Shownin Fig.1(a) and (b).

Figure (a) shows the tempering at constant temperature. The specimen was

insertedinto an electric furnace. whose temperature was adjusted for temper-

ing temperature′ and held at that temperature･After passing the prescrived

tempering time. the specimen was c00led rapidlY by water to prevent further

tempering during co01ing. The ranges of the temperature and time in this

experiment were 675 to 975 K and 35 t0 3.5 Ms(about 40 days).

Figure(b) shows the tempering bY Way Of raising the temperature. The

SPeCimen was heated bY an electric furnace from r00m temPerature tO the peak

temperature with the constant heating rate･ Whenits temperature reached to

the prescribed peak temperature.it was c00led bY Water. The ranges of the

Peak temperature and the heating rate were 725 t0 975 K andlO t0 400 K/hr.

The Vickers hardness(Hv)of each specimen was measured under theloading of

Tablel Chemicalcompositions of steels used

Steel C

S25C O.26 0.20

S55C O.53 0.21

HT60 0.15 0.30

HT80 0.13 0.28
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0.010.02 0.02 -

0.05 0.05 0.12 -

- 0.03 -

0.23 0.85 0.49 0.43 0.04 0.0012 -

- 0.010.47 - 0.012

1.09 0.55 - 0.024
- 2.431.02 -
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COnStant temPerature temPerature by the tempering at rising

COnStant heating rate temperature

Fig.1 =llustrations of heating ways for tempering

294 N for15 second. The measurement was repeated for each specimen in five

times glVing an average.

3.Regression of hardness of tempered steelby the tempering parameters

Two parameters.P and 入 have been proposed byJ.H.H01lomon, L･D･Jaffe[1]

and T.=noue[2] to evaluate the amount of progressing tempering process at

different temperature.and for different time.Thatis,

P = T(109(t)+ C)

入
=10g(t)- Q/2.3R(1/T)+ 50

Where.T and t are tempering temperature(K)and time(s).Cis constant which

depends on the carbon content of steel.Qis
the activation energy (Cal/m01e

K).and Ris gas constant.Both parameters are derived from the Arrhenius.

assumption.Although theY differin form.theY have almost similar meaning in

each other.For the tempering conditionsin the practicalheat treatment,both

ParameterS Can be employed,because thereis the relationship of a straight

line between them.

Q is the observed value for many fundamentalprocesses, SuCh as the

decomposition of martensite,the precIPitation and coalescence of cementite

and other alloylng Carbides.The parameter,入 has a physicalmeaning as the

logarithm of the amount of such reactions.For the sequence of some tempering

treatments of different temperature and time,the totalparameter,g Can be

evaluated
by the

additionalrule as f01lowings.

入(total)=10g[10入2+10入3+-‥‥･‥】 (3)

This advantage of 入is very usefulfor treating the results of tempering in

Which the temperatureis changed.Therefore.the parameter,入isintroducedin

this research.
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equation(4)

Fig･2 The measured values of tempered hardness oflow alloy steelsr comparin

With the calculated hardness

3･1･Regression of hardness bY Parameterr 入

Assumed that the measured values of Hv would be approximated bY the

f01lowinglinear equation,the value of Qin the parameter,入 WaS determined.

Ev = A･TP + C =

A(109(t)+ B/で)+ C (4)

Where,TPis the tempering parameter･Constantsr Ar B and C were determined bY

the least squares method･ =n this calculation,allthe authorsI data of

tempering at constant temperature were used･Each measured value is plotted
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Fig･3 Errors between the measured hardness and approximated
hardness obtained

by the equation(4)
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against each calculated one as shownin Fig.2.The width of scatter ニ)and

Shown bY Shaded zoneis t00large as more than one hundred for each steel･

Therefore,.itis judged that equation(4)does not satisfactorilY aPPrOXimate

the hardness of temperedlow alloY Steels.

Fig.3 shows the■error between the
measured and approximated valuesin

Fig.2.The errorsin plus side become maximum at certain 入 values.-23 to
-13

depending on steel tYPe. This error around the peak will be due to the

SeCOndary hardening which occurs usua11yin alloy steels.

The 入 value which gives the peak shifts to right side(Side of longer

tempering time)with tempering temperature.Thisimproper result suggests that

the constant Bin eq.(4)willnot be appropriate for expressing the phenomenon

Of secondary hardening.

3.2.Three processesin tempering

Fig.4 shows the measured hardness of tempered HT80 steel against the

logarithm一､Of tempering time. The plots of circular marklie on a straight

line for each temperature.Theselines were obtained bY the tempering oflower

temperature and shorter time,and have the sameinclinations as the case of

Plain carbon steels. The plots of triangular mark indicate the hardness

brought bY the secondary hardening.The time at which the peak hardness is

attainedincreases with a falling temperature.The secondary hardening appears

OnlY in the specified range of tempering,and disappears by the further

tempering. The plots of s01id circular markindicate the sudden softening.

This phenomenon willbe due to the fact that alloYlng elements lose their

effect of preventing the softening.

As mentioned above, there are three processes in the tempering.

Therefore,the authors propose the f01lowing equation to express the hardness

Of tempered steel.

2 3 4 5 6 7

Logarithm of time

Fig.4 Measured hardness of tempered HT80 steelplotted against the

logarithm of tempering time
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Tempering parameter,TP2･･→ Tempering
parameter,TP3--ナ

Fig･5 =1lustrations of thelogistic functionr F2and Gauss distribution,F3

Hv = Fl(Tpl)十 F2(でP2)+ F3(TP3) (5)

Where,the functions of Fl′ F2and F3 concern to the three independent

PrOCeSSeS Of the ordinary softeningr the delay of softening by alloylng

elements and the secondary hardening bY PreCIPitation of a110y Carbides.TPl′

TP2 and TP3are the tempering parameters corresponding to three processes′

respectivelY･The tempering parameters have the same fornaS
eq.(2).but the

COnStantr Bis notidenticalfor three processes.

TPl=log(t)･Bl/T,TP2 =log(t)+B2/T,TP3 =10g(t)+B3/T (6)

The authors assumed that the functions′ Fl′ F2and F3willbe approximated by

the f01lowing mathematicalforms′ reSpeCtively.

Fl = A･TPl + C

1+ eXp(TP2 -α)

F3 = H･eXp
1.(TP3-β)2

Fl′ F2 and F3 are thelinear,10gistique and Gauss distribution functions of

the tempering parametersr respectivelY･ The shapes of F2 and F3 are illus-

trated in Fig.5. The value of F2 approaches G when TP2 is decreased. =n

Vicinity to α′ F2is decreased suddenly, andis equalto G/2 when TP2 is

equal toα･The value of F2 approaches zero when TP2increases exceeding α.

The functionr F3 glVeS a bellshaper and the maximum heightis equalto H.

Fig･6 shows the results for HT80 steelcomparing with the calculated

Value from equation･(5)･ Circular marksindicate the measured hardness,and

dottedlinesindicate the calculated values of Fl/F2 and F3. The s01id line

is the totalof three functions･Calculated value agrees with the measured one

in general･Butlfor the data at 975 Kr the misfits were recognized in the

range of secondary hardening･At such temperatureslitis expected that the

SeCOndary hardening occurs at short time aslOO t01000 seconds,and the value

Of F2willbe decreased suddenly at the same time period･The authors thought

that thelarge error of estimation at this temperatures would be brought by

thelocaldifferencein the progress of tempering･The constants usedin Fig.6

for HT80 steelarelistedin Table 2(COmParing with those of other steels.

Fig･7 shows the measured hardness comparing with the calculated hardness
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Fig.6 The measured hardness for=T80 steelcomparing with the equation(5)

Table 2 List of the obtained constantsin equations(6).(7),(8)and(9)

Steel

S25C
S55C

HT60

HT80

1/2M0

1Cr-1/2M0
21/4Cr-1Mo

A BI C B2 G α B3 H β

-19.5 -14800 -50

-34.1 -11800 -54

t18.4 -16000 -70

-9.7 -18400
15

-14.2 -18800 -60

-9.7 -17200
30

-4.5 -12900
120

ー16000

-14000
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-17200

-20900
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by the equation(5)employing constantsin Table 2･

4.Additionalrule of tempering parameter

For the tempering carried out by raising the temperature′ the tempering

parameters were calculated as f0110WS･The tempering parametersITPIJTP2 and

TP3, reSPeCtivelYr are defined as thelogarithm of the amounts of reactions
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Fig･7 The measured hardness of tempered steels comparing with the calculated

Values from the equation(5)using constants shownin Table 2

mark;Otempering at constant temperature

●tempering at rising temperature
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PrOgrQSSed･Assuming that one reactionisindependent to the others′ eaCh

Parameter Can be treated by an additionalrule,SuCh as equation(3)･Heating

period were dividedint00ne hundred segments･Each trapezoid was regarded as

the narrow rectangle,aS Shownin Fig･1(C)･Tempering at rising temperature

WaS apPrOXimated by the totalof one hundred tempering processes at the

COrreSpOnding constant temperature for time of At.

The s01id circular marksin Fig･7indicate the values of tempered

hardness at rising temperature,COmParing
with the calculated value bY

equation(3)･=n calculationlthe constantsin Table2were used.The measured

Values agree well vith the calculated values′ therefore,this fact is

SuggeStive of the validitY Of the additionalrule bY equation(3).

5･Discussions for the r0les of alloYlng elements

The constants′listedin Table2were determinedindividually for each

Steels using the experimentalresults･These constants depend on the type of

Steel･=tis desired that these constants can be estimated from the chemical

COmPOSitions of steel･At presentlits estimationisimpossible,because the

data areinsufficient to perform the calculation･=n this section,the authors

WillglVe Only the qualitative discussions on theinfluences of alloylng

elementsIChromiumlm91ybdenum and vanadium.

5.1.The first process

The first processis the decreasein hardness from quenched hardness,and

determined as alinear function of the parameter,TPl(eq.(6)).Blin TPIwill

be related to carbon content of steel,because this processis contr01led by

the diffusion rate of carbon･The values of Blare plotted against carbon

COntentin Fig･8(a)･Blisincreased with carbon content from the plot of S25C

to that of S55C steel･The Blfor alloy steels are smaller than that expected

from the carbon content,eXCePt for21/4Cr-1Mo steel.The authors think that

these differenceis due to theinfluence of alloYlng elements on the diffusion

rate of carbon.

The authors defined ABl as the differencein Bl between the actual

Value and the value expected from
carbon content.ABlindicates the effects

Of alloYlng elements･ △Blforl/2Mo steelis-3.5×103.If the effect｡f

m01ybdenum on Blis proportionaltoits content andits effectis not affected

by other elements′ the change of Bl by chromium(△Bl(Cr))can be

estimated for HT80.1Cr-1/'2Mo and 21/4Cr-1Mo steels as f01lows.

△Bl(Cr)= △Bl-ト3.5×103/0.47)×(諷Mo)

ABl(Cr)increases
with chromium content as shownin Fig･8(b)･Thatis,

m01ybdenum and chromium affect Blin reverse manner as the former decreases Bl

and the latterincreasesit･Howeverlthe
effects of both elements are not

additionalinlinear manner･Vanadium of O･03%does notinfluence Bljudging
from the Blvalue for HT60 steel.

Fig･8(C)shows the values of constant,A(eq.(7))against carbon content.
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Chromium content,Wt% carbon content,Wt

(a)=nfluence of carbon (b)=nfluence of chromium (C)=nfluence of carbon

on Bl on Bl.ABl(Cr) on A

Fig.8 Theinfluence of carbon and other alloylng elements on the values of

COnStantS COnCerning the first process of tempering

The value of Aindicates the contribution of tempering on softening, and

therefore, the absolute value of A becomes naturalYlarger for the steel of

higher carbon content whose hardnessislargerin as-quenChed condition･

5.2 The second process

Fig.9 shows the tempering conditions,in which the F2is equal t0 2/G,

that is.TP2is equalto a.Theinclination oflineincreases with the value

Of B2(eq.(6)).Chromium shifts theline t0longer time and higher temperature

side. as seen from thelines oflCr-1/2Mo and 21/4Cr-1Mo steels. Chromium

PreVentS the diffusion of carbon, and delays the time period softening of the

quenched steel.

The value of Gindicates the magnitude of effect on preventing the

SOftening.The f0110Wing table shows the contents of alloylng elements and the

values of G.

Steel %Cr %Mo %Ⅴ [%Cr]+[%Mo]+[%Ⅴ】 G H

HT60 0.03 0.03

1/2H0 0.01 0.47 0.48

HT80 0.49 0.43 0.04 0.96

1Cr-1/2M0 1.09 0.55 1.64

2 り4Cr-1M0 2.43 1.02 3.45

20 60

90 60

110 70

130 60

190 40

The value of Gincreases with the totalamount of alloylng elements.but their

influences are not linear.
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Fig･9 The tempering conditionsin which the F2is equalto G/2
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5.3 The third process

Fig.10 shows the tempering conditions.in which the F3 value reaches the

maximum. thatis.TP3is'equaltoβ.Theline of HT60 steelhas the inclina-

tion different from that of other steels.The authors think this fact as the

COnditionlWhere the
secondary

hardening reaches maximumldepends on the type

Of carbide;HT60 steelis hardened by vanadium carbide.V4C3,and other steels

are hardened bY m01ybdenum carbide.M02C.

The magnitude of secondary hardening,His shownin thelast table. The

Simple relationship is not clearly recognized between the H value and the

COntentS Of a110Ylng elements･Vanadium of as smallas O･03% has a large

effect of causing the secondarY hardeningr as seen from the H for HT60 steel.

The H for21/4Cr-1Mo steelis smallin spite of alarge amounts of m01ybdenum
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by the reason that chromiuminterferesin precIPitation of m01ybdenum carbide′

H02C.

6.Conclusions

The hardness of tempered steelwasinvestigated for a wide range of

tempering condition using sbmelow alloy steels･And a new method was

proposed
to estimate the hardness from the tempering condition･The

results are summarized as f01lowings.

1)The tempering parameter,g Which emploYS a Single activation energyis not

appropriate for evaluating the effect of tempering on the hardness of tempered

10W alloy steels.

2)The hardness of tempered steelis contr01led by three processes′ the

decomposition of martensite′ the delay of softening and the
secondary

hardening.Three parameters占hould
be employed for the corresponding processes･

3)The hardness oflow alloY Steels can be
approximated

by f01lowing equation･

1(TP3-β)2
Hv = A･TPl+ C +

1+
eXp(TP2

-

α)

+ H●exp

3)The tempering parameters are evaluated by the
additionalrule(eq･(3)for

the tempering with changlng temperature･
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