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Tempered hardness wereinvestigated for carbon steels and low alloy

steels containing chromiumt m01ybdenum and vanadium･ The ranges of

temperature andtimewere675t0975Kand35t03･5×106s,reSPeCtively･

The fo110Wing results were obtained･1)The tempered hardness of carbon

steels can be approximated with a linear function of the tempereing

parameter,入 PrOPOSed recently by T･=noue･andis roughly a reciprocal

proportion
to the conventionaltempering parameter･P･2)The tempered

hardness oflow alloy steels′ howevert can not be expressed by the function

of tempering parameterr because the secondary hardening or the delay of

softening
occur due to the precIPitation of carbide′ and therfore,the

activation energy changes with the advance of tempering･ 3)Time-

temperature-hardness diagrams are proposed for showing the tempered hardness

Oflow alloY Steels.

Key words:Tempered hardnesst Tempering parameter,Low alloy steel,

Secondary hardeningt PrecIPitation of carbide

1.=ntroduction

Hardness of quenched steelis changed by temperingl due to the decomposi-

tion of martensitel PreCIPitation(and coalescence of carbide and rearrangement

and disappearance of dislocation･The mechanicalproperties,SuCh as hardness′

strength and toughnessl are Changed with advancing these metallurglCal

rea'ctions during tempering.

The effect of temperingis very difficult to be defined′ because it

depends not onlY On the tempering-temPerature but als0 0n temPering-time･

Arrheniusl as-SumPtion glVeS a qualitative estimation for the effect of

tempering･According to his assumption(the rate of reaction,r Can be written

in the f0110Wing form.
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r = A･eXP(-Q/RT)

Wherel Qis activation energyr Tis temperaturein kelvin,Ris gas constance

and A is a constant for aninterested reaction. Then, the amount of the

reaction can be considered as the product of r and the reaction period[1]【2].

On the basis of these assumptions′ SOme temPering parameters were proposed and

further severalattemptions were made that the mechanicalproperties would be

expressed as a function of those parameteres[1ト【5].

During temperingl many reaCtions will occur simultaneousIY and a

mechanical property willbeinfluenced bY the combination of some reactions

With different activation energleS･ =n such caselit maY be difficult to

express the mechanicalproperty only by one tempering parameter･=n this paperl

the hardness of some steels tempered various conditions were experimented.The

Steelsincluded carbon steels andlow alloy steels′ in which the precIPitation

Of carbide has a remarkable effect on hardness･The availability of tempering

Parameteris discussed for tempered hardness ⊂､f these two types of steels.

2.Experimentalprocedures

Chemicalcompositions of steels arelistedin Tablel.SlOC,S25C and S55C

are plain carbon steels without any carbide forming elements.HT60 and HT80 are

high strength steels.andl/2Mo,1Cr-1/2Mo and21/4Cr-1Mo are heat resisting

Steels･ These steels contain carbide forming elementsI SuCh as chromium,

m01ybdenum and vanadium.

Blanks ofllmmin diameter and 200 mm inlength were machined from steel

Plates･They were austenized at1225 K forl･8 ksland quenchedinto water.As-

quenched hardness was measured bY Vickers hardness test machine under the

loading of 294 N for15 sec･For each specimenr the measurement was repeatedin

five times glVing an average.

The hardness numbers of asTquenChed specimens are shownin Fig.1 plotted

against the carbon content･ As the hardness of martensite depends only on

Carbon contentr the plotslie on a straightline･ The straightline in the

figure is the regressionline showing the relationship between the hardness of

martensite and the carbon content, PrOPOSed by M.Okumura et al.[6]. An

exception of the plot for SlOC steelinforms that this steelwas not fully

quench-hardened･ Therefore/SlOC steel was not emploYed for succeeding

experiments.

Tablel Chemicalcompositions of steels used (wt%)

Steel C Si Mn P S Cu Ni Cr Mo V B S0l.AI Sn Sb As

SlOC

S25C

S55C

HT60

HT80

1/2M0

1Cr-1/2M0

21/4Cr-1Ho
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015 0.006 0.23 0.85 0.49 0.43 0.04 0.0012 -

014 0.005 -
- 0.010.47 - - 0.012 tr tr t工

0110.008 - - 1.09 0.55 一 一 0.024 tr tr tr

OlO O.004 - - 2.431.02 -
- tr tエ0.002

tr;traCe(tracelimit;Sn≦0.005 Sb.As≦0.001)
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Fig.1 As-quenChed hardness of steels against the carbon content
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Quenched blanks were heated upto the tempering temperature. After the

prescribed tempering-timel the specimens were rapidlY C00led by water･The

ranges of the temperature and time were 675 t0 975 K and 35 t0 3･5

×106s(40days).

The hardness numbers of tempered specimens were measured by the same way

as for quenched blanks.

3.Hardness of tempered carbon steels

Fig.2(a) and(b)show
theinfluences of tempering temperature and -time,

respectively, On the hardness of tempered S25C steel･ =n the figure(b). the

logarithmic scale was adopted for tempering time. The hardness (VHN)is

decreased uniformly withincreasing the tempering temperature and time･ The

relation between the hardness and thelogarithm of timeis essentiallyin one

Straightline for each temperature, and theinclination of eachlineis almost

same. While.the relation between the hardness and the temperaturelies on one

COnVeX CurVe. Then, thelatter plots were rearranged by taking the recIPrOCal

of temperature (1/T)as abscissa, aS Shown in Fig.3. Thus, the hardness

increased linerly with thel/T, and theinclination of eachline also becornes

the same for every tempering time. F句.2(b)and Fig.3inform that the hardness

Of tempered S25C steelcan be expressed by the f01lowing equation.

Vickers hardness
number(VHN)= A･log(t)+ B/T + C (1)

Where tis tempering timein second, Tis tempering temperaturein Kelvin and

A, B ahd C are constants. The f01lowing equationis obtained by substituting

into eq.(1)the constants, A, B and C which are determined bY uSing theleast
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SquareS method.

VHN =

-19.5log(t)+ 290000/T - 49.8 (for S25C
steel) (2)

The results for S55C steelare shownin Fig･4･ The VHNs are plotted

against the reciprocalof temperaturein the figure(a).The same tendency as

the case of S25C steelis recognized for this steel. Thus′ COnStantS for S55C

Steelwere determined by the same manner as S25C steel,aS.

VHN =

-26.8log(t)+ 346000/T
-
52.0 (for S55C steel)
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The coefficients of regression､equations
for both the eq･(2)and(3)are

beyond O.991and so the eq･(1)is proved to be a fairly g00d approximation for

the steels of S25C and S55C.Eq.(1)has the same meaning as the parameter
H入‖

proposed bY T.=noue[2]･

入=109(t)-Q/2.3R(1/T)+ 50
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The 入 indicates the effect of temperingl thatisl the degree of advancing

metallurglCal reactions in a tempered steel･Assuming that the tempered

hardness willbelinear to the 入Ihe proposed the f0110Wing equation.

VHN =

m(入-Value)+ n

=

m(109(t)- Q/2.3RT +50)+ n

=

mlog(t)- m Q/2.3R(1/T)+ 50 m + n (5)

Eq･(5) has the same form as eq.(1). =n Fig.5, the measured values are

Plotted against the 入.in which 67.66 kcal/m01(S25C)and 58.83 kcal/m01(S55C)

are adopted as the activation energleS. Each of these values was calculated as

the rati00f GOnStantSin eq･(2)or(3). The plotsin Fig.51ie on a straight

line except for the range oflargest 入(high temperature andlong time range).

Thatis′ for the plain carbon steels such as S25C and S55C, the 入-Valueis
a

Suitable parameter to estimate the degree of temperingr and has an advantage of

approximating withitslinear function.

J･H･H0110mOn and L･D･Jaffe proposed the f01lowing tempering parameterlHp‖

【1】.

P = T(10g(t)+ C) (6)

Where′ Cis constant(Which depends on the carbon content of steel,aS′

C
=17.7

-

5.8(%C) (timein second)
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This parameter is widely applied to express the contributions of temperature

and time on the effect of tempering･The measured hardness are plotted against

the parameter,P,aS Shownin Fig･6･The constants′ C obtained from eq･(7)are

16.2 and14.6 for S25C and S55C steels′ reSpeCtively･ The plots have large

scatter for both steels′ and the hardness seems to beinversely proportionalto

the P.Thus′ the hardnessis assumed to be expressed by the f01lowing equation･

VHN = A/(P-Value)+ B = A/T(log(t)+ C)+ B (8)

The constants obtained determined by aleast squares method arelisted below･

Steel A B C

S25C 5650000
-139

15.1

S55C 6350000
-212

11.4

Using these valuesl the measured hardnessis plotted against the estimated

hardness asin Fig.7･The width of scatter band of this figureis smaller than

that of F土g.6.

Although both the parameters of 入and P are derived on the basis of

ArrheniusIassumptionlthereis a differencein the physicalslgnificance;the 入

indicates clearly the effect of tempering as thelogarithm of a product of the

rate and time of reaction. But the P haslittle physicalmeaning. From those

view pointslthe parameterl入was adoptedin the succeeding discussions･
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4.Hardness oflow alloy steels

Fig.8 shows the influences of tempering-temPerature and -time
on the

hardness of tempered HT60 steel. The hardnessis decreased generally with the

temperature
and

the time. As HT60 steel contains O.03%Ⅴ. the secondarY

hardening or the delaY Of softening occurs due to the precIPitation of vanadium

Carbide during tempering. Therfore, the plots of hardness againstlog(t) and

l/T deviate abruptly from thelinear relationsin the temperature ranges where

the
secondary

hardening occurs. However, thereis a common tendency that the

temperature of hardening falls withincreasing tempering time. and the time of

hardening is shortened with elevating tempering-temPerature. Thus.the eq.(1)

is applied again in order to arrange the results of HT60 steeland other four

steels, HT80.1/2M0.1Cr-1/2Mo and 21/4Cr-1Moin Fig.9.The constants and the

activation energy arelisted below.

Steel

HT60

Hで80

1/2H0

1Cr-1/2H0

21/4Cr-1Mo

Each group of plots

A

-24.8

-23.2

-22.7

-22.3

-21.7

in Fig.9

B C Q(kcal/m01)

336000
-54.0

61.9

342000
-59.9

67.1

353000 -70.5
70.7

365000
-83.0

74.6

375000 -92.9 78.9

isin one curvedline regardless of the different

temperature and time･ Howeverr the plots scatter widely( eSPeCiallYr in the

range of secondary hardening･ The differencein hardness numberis more than

fifty at one tempering parameter･Therefore(the parameter 入can not be applied

for expressing the tempered hardnessin the wh0le range of tempering including
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the secondarY
hardening or the delaY Of softening･Nevertheless′

the 入is

usefulin the ranges other than this･ =n theselimited ranges′ the hardness

can be expressed bY eq･(1)Jand
the actvation energY Can be obtained bY the

same manner as the carbon steels aslisted below･

steel before hardening after hardening

HT60 70 kcal/m01 40 kcal/m0l

Hで80 90

1/2M0 90

1Cr-1/2M0 80

21/4Cエー1M0 50

30

50

30

60

For the range of secondary hardening,the activation energy could not be

calculated,
because the measured hardness changes remarkably with each

combination of te皿Perature and time･Therefore′it wi11be very difficult or

impossible to express the hardess numberincluding secondarY hardening by the

tempering parameterleVenif more complex equation excepting eq･(1)willbe

appl土ed.

5.Time-temPerature-hardness diagrams oflow alloY Steels

The diagram composed of
the recIPrOCalof

temperature and thelogarithm of

timeis employedin order to show the tempered hardness number of each steel,

in which the secondary hardening or delay of softening occurs･Thelevellines

of hardness are drawnin the diagram･As shownin Fig･10′ the diagram can be

dividedinto three reglOnS;
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Region = :before hardening(left-uPPer Side ofline aa')

ReglOn ==:SeCOndary hardening or remarkable delay of softening

(betweenlines of aa'and bb■)

Region ===:after hardening(rightTlower side ofline bbT)

As eq･(1)is adoptedin the regions of = and ==I, thelevellines are parallel

Straight lines and their spacingis constant for each range. There is a

difference in theinclination between the ranges of = and === because of the

different activation energy･ =n the reglOn ==lCurVedlines are drawn bY free-

hand according to measured hardness numbers.

The time-temPerature-hardness diagrams of HT60,HT80,1/2M0.1Cr-1/2Mo and

21/4Cr-1Mo steels are shownin figuresllt015,reSPeCtively.The hardness at

anY temPering conditions can be read from these diagrams.

The inclinations of para11el lines in the ranges of = and =1= are

dependent only on the activation energy. Theinclination of straightline is

increased with the activation energy･Whilelthe spacing of parallellines does

not depend on the activation energy, but depends on the abs0lute value of

COnStantS.A and Bin eq.(1).The spacingsin region = are smaller for HT60 and

l/2Mo steels,Whilelarger for HT80 and 21/4Cr-1Mo steels.

=n the reglOn 工工. thelevellines curve, and the spacing of them are

generally wide,because the delaY Of softening occursin this reglOn.Thelines

in this reglOn are Classifiedinto three types according to the manner of

deflexion from a straightline.

Type 工 :line deflecting toward both sides of decresingl/T andlog(t)

(1土ne A)

Type ==:line deflecting toward the side of decreasingl/T onlY(line B)

Type =工=:CurVedline without any turning
point(line C)

=n the cases of HT60 andl/2Mo steels, Which contain no chromium, the

levellines are Type == ○Ver the wh0le range of reglOn 工1.=n thses steels′ the
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secondary hardening will be recognized with advancing tempering time at a

constant temperature･An example of the secondary hardening sectionis shown as

the part of
bcin theline adin Fig･13･=f the temperingis

performed with

increasing temperature for the same time′ Only the delaY Of softening will be

observed,aS Shownin Fig.13(line ef)･

Tn the cases of HT80.1Cr-1/2Mo and 21/4Cr-1Mo steels,Which contain

chromium, the types oflevellines are different by the tempering temperature･

工n the higher temperature range(lower side of figures).level-1ines are type

=工t.Therefore,in such higher temperature rangelthe secondary hardening wi11

be not recognizedl and the remarkable delay of softening will be scarcely

recognized･=n thelower temperature range/theleve11ines belongs to typeI･

This deflextion oflevellineis most remarkablein HT80 steel. The secondarY

hardening will be recognized withincreasing temperature for a constant

tempering time beyondlO4 sin this steelr as shown by the part bcin Fig･12･

The steep softening occurs at the finalstage of reglOn== for allsteels･

The preclpitation of carbide of alloylng element has a slgnificant effect
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on theirregular change of hardnessin reglOn==･In the steels containing both

chromium and m01ybdenum,m01ybdenum carbide.M2Cand/or chromium carbide･M7C3

precIPitate during temperingr according to the combination of chromium and

m01ybdenum contents【7]･Vanadium carbide′ V4C3PreCipitatesin HT60and HT80

steels,Which contain vanadium of O･03and O･04%･reSPeCtively[8]･=n
the

steels,in which no chromium carbide precIPitates′ m01ybdenum carbide exists

stablY in the wh0le tempering range′ Whilein the steels with chromium′

m01ybdenum carbide becomes unstable due to the pre5ence of chromium･The steels

｡f lCr-1/2Mo and21/4Cr-1Mo contain smallamount of m01ybdenum comparing with

chromium contents.From the results concerning carbide preclpitation,the

f01lowing can be suggested･

a)M01ybdenum carbide･M2C causes the secondary hardening during tempering of

lower temperature-longer time and higher temperature-Shorter time･

b)Chromium carbide･M7C3CauSeS the secondarY hardening during tempering of

lower temperature-longer time･

The different dependencY Of hardnessis considered due to the combined

effect of carbide forming elements･This problem must beinvestigated further･

6.Conclusions

The changes of hardness
during tempering wereinvestigated using seven

types of commercialsteels･The results are summerized as f01lowings･

1)The tempered hardness of carbon steelsislinear
to the reciprocal of

tempering te甲Peraturein kelvin and thelogarithm of tempering time･Therefore･

the tempering parameter(入Can
be applied for expressing the hardness of carbon

steels.

2)The tempered hardness of carbon steelsisinversely proportional to the

conventionaltempering parameter(P･

▲3)r=n
the range′in which the secondary hardening occur,the change of hardness

isirregular and depends on the combination of a110ylng elements･However,for

the other rangesr the tempering parameterl入is available for expressing the

hardness.

4)The time-temPerature-hardness diagrams are proposed for showing the tempered

hardness of the steelsin which the secondary hardening occurs･
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