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Phase Transformation of a Cold Work Tool Steel during Tempering
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Abstract : T he hardness and mi cr ost ruct ure evo lu tio n of a 8 % Cr co ld work tool stee l du rin g tempering for 10 h were

investigated . T ra ns miss ion electron micr oscope exam inations showed th at M3 C ca rbides pre cip ita te d fr om supersatu

rated marten sit e after te m pe ring at 350 ·C. When the te mpering temperature was higher than 520 ·C , thc M23 C6 carbides

precipita ted to substitute for M3 C carbides. Aftcr ageing at the temperature of 520 ·C for 10 h , it was observed tha t very

fine and dense secondary M o, C precipitates wer e precipitated. Thus, it can bc coneluded tha t the ea r ly stage of

Mo, C- carbide prec ipitation is lik e to bc G unic r-P rc ston (G-P) zone formcd by [ Mo-CJ segregation group whic h is re

sponsi ble for the seconda ry hard ening pca k at 520 ·C . O veragcing at 700 ·C resulted in recovery of marten sitic m icr o

structure and precipitation of M 23 C6 carbides. Wh en ag eing a t 700 ·C for m ore th an 20 h , rccrys tall ization occurred,

which res ulted in a cha nge of the mat rix morphology fro m m ar ten sitic pla tes to equiaxcd ferr ite. It was noticed tha t

the size of recrystallized grain/ subgrain was vcry fine, which was attributcd to th e pinning effect of M23 C6 precipitates,
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Co ld work to ol (die ) s teels must possess parti c

ul arly hi gh hardnes s and w ear res istance to bear very

la rge com pressive s t res s and frictional fo rce. They

also need high toug hness to av oid b reak or t ipping

ca us ed by impact load . The 12 % led eburitic chro mi 

um s teels, e. g. , AISI D2 and DI N W. N r. 1. 237 9

characte rist ica lly hav e a par ticularly high abrasive

wear resi s tance , du e to the ir high carbon and high

chromi um con ten ts , but they hav e only in si gnificant

toughness pro perties. The 5 % chromium steels, e. g. ,

AISI A2 and DI N W. N r. 1. 236 3 hav e remarkabl y

im proved toughness values, but a poorer w ear re

sistancel" . In the ea rly 1980 s , a new 8 % Cr- typ e

cold work tool s teel (the typical che m ica l com pos i

t ion is C 1. 0, Cr 8. 0 , Mo 2. 0 , Si 1. 0 and V O. 25 in

m ass %) was dev elop ed that combined the goo d w ear

resi stance and compressive st re ngt h w ith the ade 

qu a te tough ness. Du e to the excelle nt com prehensive

perfo rmance , thi s type of steels has been w ide ly
used in the w orld[2,3J.

This type of steels is gene ra lly used in a quenched

and tempered s ta te and , therefore, the preci pitation

of seco nda ry carbid es and the evolut ion of the m atrix

in the s teel durin g t empering determine the proper

ti es of the s tee l. The tempering proc ess usually leads

to a decrease in s trength du e to the p recip ita t ion of

ca rbi des from ca rbon that is originall y in solid solu

ti on in the m arten site, especiall y in hi gh tempera

ture te m pe ring conditi on. Bu t the 8 % Cr-type cold

work tool s teel s hav e secondary ha rd ening effect. I t

becomes possibl e to recover the s t rength. Many

s t udies a bo ut hi gh s peed s teel sho w ed that dep en

ding up on alloy co m posi t ion and heat treatment, the

seconda ry carbides a re usually MC and/ or M 2 C[4- l0J.

However, to our knowled ge, there has been rarel y

published report on the se co nda ry hardening m ech a

nisms of this type of steels. Recently, Y an et a l. u n

and Dj eb aili et al. [l2J re ported that the seconda ry

ca r bide which pla ye d an important role in 8 % Cr

type cold w ork tool steel s (the V con ten t is more

tha n 1 % ) wa s M C , bu t the M 2 C ca rbides were no t

found. In addi t ion , understanding of the temper sof

te ni ng beh avior and phas e t ra nsfor mat ion proces s

durin g te m pe ring can be useful in improving m e

ch anical performance.

This pap er fo cu ses on investigating the secondary
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hard ening mechanisms , precipitat ion and phase t rans

formation beh aviors of a 8% Cr cold work too l steel

dur ing temperi ng process, for be t ter und erstandi ng

the characte r is tic of the steel.

The steel was m ade in small ind uc t io n fu rnac e

m elts, and was fo rged to 12 mm bar s. The chemical

com posit ion of the m at eri al is gi ven in T able 1. A ll

specim ens for quenchi ng and tem pering were procured

in the annea led state , in whi ch t he mi cros t r uct ure of

the s teel consis te d of ferrite and spher ica l ca r bide s.

1 Ex perimental Mater ia l and Procedu re

Table I Chemical composition of the steel in

this in vestiga tion m ass %

Fig. I Relationsh ip bet ween hard ness and

temper ing temperat ures

2 Results and Discussion

2. 1 Variation of hardness with tempering temperature

The influence of tem peri ng tem perature on hard

ness of t he teste d s te el is shown in F ig. 1. T he w ho le

proces s o f hardness change ca n be des cri bed in the

following four stages: (1) t he hardness fir stly de 

creases as t he tempera ture ra ises , (2) the hardnes s

begins to in cr ease when tem pered a t tempera ture

h igher than 250°C , ( 3) t he hardness increases mo re

quickly wit h tempering temperature higher than 450 °C ,

and the m a xim um hardness ca n be obta ine d after

t empered at 520°C , and ( 4) w hen the temperi ng

t empera t ure exceeds 560°C , t he ha rd ness descends

remarkabl y as the t em pera tu re raises . The seconda r y

hardening phenomenon appears a t the third stag e.

The sp ecimens were aus ten itized a t 1 030 °C for

30 m in, a ir qu enched to room tem pera t ure and t hen

t em pered w it hin the range of tem pera t ure bet ween

200 and 650°C . Some s pe cimen s w ere treat ed by the

s ta nda rd co m merc ia l tempering for 2 h twi ce at those

temperatures. O ther sp ecimens were iso the rmally

hel d a t 520 and 700°C , respect ive ly, for va rious

t im e of 2 , 10, 20 and 40 h , and then air coo led.

Morphology and composition of th e carbides were

studied by scanning elec t ro n m icr oscopy (SE M ,

S4300 ) , ene rgy dis pe rsi ve s pect roscopy ( EDS) and

transm iss ion el ec t ro n mi cr oscopy ( T E M , H 800).

Thin fo ils for TEM were firstl y m ech an icall y ground

to abo ut 50 p.m in thi ckness and then th inned by a

twin-j et polishing facility using a solution of 5 vol. %

perchloric ac id and 95 vol. % et ha nol a t - 20 °C .
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2. 2 Phase trans formation behavior du r ing th e tem

pering process

2. 2. 1 T emperi ng at 350°C

Q uen ch ed m artensite is a supers at urat ed so lid

so lut io n of ca rbo n in ir on. In the supers aturat ed so l

id solution, di ff usion effec ts m ay bring about the

precipit ation of ne w phases along with the ha rd ness

decrease of martensite. T he types o f the precipita ted

ca r bide a re deter m in ed by tempering tempera tures .

As shown in Fig. 2 , a large num ber of small M 3 C

ca r bides were p res ent afte r the specimen was tem

pered a t 350°C . I t is re g rettab le tha t t he diffraction

pa tt ern was not obtained. But it is a lmos t ce r ta in

tha t thes e ca rbides a re M 3 C carbides. In addit ion ,

m any s tudies showed that t he E ca r bide s were pre

cipita te d fro m m atri x during t he tem per ing tempera
ture range of 50 to 250°C [ 13-15J . Y an et a l. [ 11J also

found th e E ca r bide s gen erat ed in a spray -formed

hi gh alloye d stee l tempered a t 550°C .

W ith the precip itat ion of a large n um ber of M 3 C

car bides , the ca rbo n cont ent in the m atri x becomes

low er t ha n before, which w eak ens the solut ion

s t reng then ing effec t. Thus , the hardness gradually

decreases as the tem perat ure rai ses w hen the tempe

ri ng tem pera t ure is below 250°C .

2. 2. 2 T ernpering at 520°C

The peak hardness of se co nda ry harden ing ap

pears a t 520 DC . H ow ever , it is noticed t ha t ca rbide s

of bo t h M 2 C and MC w ere not detect ed during TEM

obs ervation. Consid ering the seconda ry ca r bide s can

precipitat e and grow w hen t he st eel was aged for

longer t im e. The aging treatmen t a t peak tem pera

t ure of seco ndary hard ening w as ca r rie d ou t on the

t ested st eel. F ig. 3 shows the m orp ho logies of the

very fin e secondary ca r bides in the specim ens t em

pered a t 52 0°C for 40 h. It is observed that the ext re-
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Ca) Brigh t-field image ; Ch) Dark-field image.

Fig. 2 TEM micrographs showing M3 C precipitates in samples after tempered at 350 'c

Fig.3 TEM bright (a) and dark ( b) field images of specimen temp ered at 520 'c for 40 hand

diffraction pattern (c ) of M, C carbides

Vol. 23

rnel y di spersi ve fine car bides , with size below 10 nrn ,

a re precip ita ted in the martensite. I t is likel y that the

ca r bi des are precipitated alo ng the disl ocat ion lin es

in m arten sit e pla tes as shown in F ig. 3. T he fine pre 

cipi tated carbi des in the tested stee l a re thermod y

namically stable and show li t tl e te ndency to coarsen;

even after aging at 520°C for 40 h , the size of the

carb ide rem ains in the nano-scal e. Diffraction pa t

te rns as shown in F ig. 3 in dicate that the fine precip

ita tes are MzC CMozC) carb ides. However, it

sho uld be noticed that car bides in the type of M C[lI.IZ]

w ere not det ect ed during this exa mi na tions. T his is

becau se the tested steel possesses a lower vanadiu m

content CO. 2 mass% ) ; fu rth ermore, the undi ssolved

M 7 C3 and M Z3 C6 carb ides co n tain larg e a mo u n ts of

vanadium as show n in F ig . 4 . T h us, the r e is in 

s ufficie n t va nadi u m p r o viding fo r the p r ecip it at ion

of VC.

Therefore , it is seen that the extremely fin e and

dense nature of the dispersive seconda ry p recipi ta te

Mo-C is the secondary hardeni ng carbi de. In fact , it

is likely that the ea rly stage of Mo, C-carb ide precip i

tation, w hich lik es to be G unie r-P res to n CG-P ) zone

formed by [ Mo-C ] segrega tio n group[16], is really re-

o 0.9 1.8 2.7 3.6 4.5 5.4 6.3 7.2 8.1
EnergylkeV

(b )

Mo

Cr

Fe

Fig. 4 SEM image (a) of specimen tempered at 520 'c and EDS analysis ( b) of carbides
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spons ible for the secondary hardeni ng peak at 520°C .

In addi tion , it sho uld be noted that the secondary

hardenin g m ech anism of the tested s teel is the co m 

bina t ion of the transfor mat io n of retained austenite

and the early stage of Mo, C-carb ide precipi ta ti on,

and the ro le of transfor mat io n of retained austenite

is m ore obvic us ' {", T he ro le of transformation of re

tain ed a us teni te on the re ta r d of hardness dec rease

durin g te m pe ring process could not be ig nored. As

can be seen fr om F ig. 1 , the hardness be tw een 250

to 450 °C is gently in creased due to the transforma

t ion of retain ed aus t eni te.

2.2.3 T'em pering at 700°C

Above 560 °C, the ti me to peak hardness and

s ubseque nt fall was fas ter wit h in creasing te m pe ra -

ture. When the te mpering te mperat ure was elevated

to 700 °C , two obvio us cha nges w ere obs erved.

F ir stly, the m artens it e in the s teel was recov ered

and started to transform in to pol yg onal ferri te afte r

te m pering for 2 h at 700°C , as shown in Fig. 5 ( a) .

I t was found that the martensite did not complete ly

decompose w he n tem pered in this condi tion , and the

disl ocat ion den sity in so me areas remain s very high.

Secondly , a la rge number of rod-sha ped p recip ita tes

have been p recip ita ted bo th a long the m arten site

plate boundaries and with in the plates, as shown in

the en la rged figure of F ig. 5 ( a ). M ost of the prec ipi 

tates ar e iden ti fied as M 23 C6 carbid es, and the corre

spo nd ing se lected diffraction pa tterns are shown in

Fi g. 5(C).

Fig.5 TEM images of recovery of martensite (a) and M"C. precipitates ( b) of specimen tempered at

700 °C for 2 h and diffraction pattern Cc) of M" C. carbides

I t can be concl ude d that the M Z3 C p recip ita tes

consist of two par ts : (1) a par t of M Z3 C6 p recip itates

w ere preci pi ta ted in the vici n it y of M 3 C prec ipit at es;

( 2 ) the o ther pa r ts of M Z3 C 6 precipi ta tes were di

re ctl y precip it at ed fro m s upersat urate d bulk m ar 

tensite. A s mentioned above, the M 3 C carb ides were

fir stly precipita ted for m m arten sit e after the s teel

was te m pe re d at 350°C . The M 3 C carbi de p recipi ta

t ion is controlled b y carbon diffusion , and the p ri

m ary rate-c ontrolling ele ment is carbon. According

to Shtanskl 18], w it h the diffusion of ca r bo n, there

is also a s t ro ng drivin g force for chro mi u m diffusion

towards the s urface of cementite pa r t icles. Wi th the

la rge amount of chrom ium in the ex I supersat urated

so lid so lut ion at rel a ti vel y high temperature , the

driv in g force for ce m en ti te precipitation is much re

duced . M ea nw hi le , m any in vest igations sho w that

the solu bi lity of chrom ium in cement ite is limi t

ed[4.19.z0]. Thus, it ca n be conclude d that in the test 

ed steel, the amount of chrom ium in cement ite will

be sat ura t ed w ith the ele va t ing of t emperature. F i

nally , cem en t ite pa r ti cles dissolved in the vicinity of

a lloy carb ides , and the M Z3 C6 carbi des p recip ita ted

in s tead of cementi te wit h the inc rease of te m pe ra -

ture. Thi s part of M Z3 C 6 ca rbides a re more easy to

become bigger du e to the short range diffusion and

conc en tra tio n of a to ms. T he ot her M 23 C6 ca r bides

a re dir ectly precipi ta te d fro m supersat urated bulk

m artens it e , which are much fin er .

Prolo nge d te m pe r in g at 700°C for 20 h results

in a full y r ecrystall ized, equia xe d fe rri te m icrostruc

ture containing s ubgrains , wit h m os t of the precipi

tates serving as pinning poin t s fo r the subgrain

boundari es , as shown in Fi g. 6. I t is noticed that the

size of recr ystall ized grain / s ubgra in ar e very fin e.

Fig. 6 TEM images of recrystallized grains of the

tested steel tempered at 700 °C for 20 h
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3 Conclusions

(1) Different types of ca r bides w ere prec ip ita 

te d at diffe ren t te m pering temperat ures. M 3 C car

bid es were fou nd when the steel was te m pe re d at

350 °C. When increasing the tempering temperature to

700 °C, M 23 C6 ca r bides were prec ipit ated in the stee l.

( 2 ) It was confi r me d by T E M that the ver y

fine an d dense na t ure of secondary MzC p recip ita tes

we re precipi ta ted wit h in martensite pl a tes after p ro

longed temper ing fo r 40 h a t 520 °C. The nano-sized

M , C particl es a re ve r y stable in thermodynamics and

sho w little tendency to coarsen. It ca n be concl ude d

that the ea rly stage of Mo, C- carbide precipi ta tion,

wh ich likes to be G-P zone formed by [ Mo-C] segre 

gation group, is reall y responsi b le for the secondary

hardenin g pea k at 520 °C for 2 h.

( 3) Recovery and recrystall ization occurred in

8 % Cr type co ld wo rk tool steel afte r te m pered at

700 °C. E ven after 20 h tempering at 700 °C, the size of

recrystall ized grain/ su bgrain was very fine , which was

attributed to the pinning effect of M Z3 C6 precipi ta tes.
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