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In this paper, Cr,MoV die steel was modified using Ti. Microstructural analysis and
mechanical properties of samples with different Ti content were performed. The results
show that after the Ti modification, the microstructure of Cr,,MoV die steel shows obvious
change. The carbide network is broken, and many little lumpy and granular phases are
produced as well. The tensile strength and hardness of Cr;,MoV die steel have a slightly
increase, but the impact toughness is improved remarkably. When the Ti content is 0.5 wt %,
the impact toughness is 2.8 times that of unmodified Cr,,MoV die steel.
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B patore cranxs Cry,MoV momudunuposana ¢ ucrnonbsopanueM Ti. IIpoBeser MUKPOCTPYK-
TYPHBIN aHAJNN3 1 MCCJIEIOBAHBI MEXAHWYECKHE CBOMCTBA OOPA3I[OB C PAl3IMYHBIM COIEpHKa-
HueMm Ti. PesyibTarsl MOKASLIBAIOT, YTO MOCJE MOAUMDUKAIMK |I MUKPOCTPYKTYypPa MITAMIIO-
BagHoit cramu Cr,MoV wusmenserca. Kapbugmas ceTka paspylaercs, o0pasyeTcs MHOTO
MeJKUX KYCKOBLIX M 3€pPHHCTHIX (as. IIpouHOCTL Ha pacTaKeHNe U TBepAOCTL CTaau
Cr,,MoV memHOro yBeNMYMBAIOTCH, HO yAapPHAA BASKOCTh B3HAUMTENBHO yiyumaerca. Korga
comep:kanme Ti cocraasier 0,5 mac.%, ymapHas BASKOCTh B 2,8 pasa MPEBHIIMIAET YIAPHYIO
BABKOCTH HeMmogm(punuposanHoii mraMmmoBanHoi cramu Cry,MoV.

Hocaimxenns mogudikanii incrpymenraapaoi mramnosanoi craxi Cr,MoV. Fu Sijing,
Jiang Binghua, Wang Jing, Cheng Hong

¥V pobori crane Cri,MoV 6yro moxmudirosano 3 BukopucTaHHAM Ti. IIpoBemeno mikpo-
CTPYKTYPHHI aHaxis i gocaimseHo mexaniuHi BiacTtupBocti spaskiB s pisaum BmicTom Ti.
Pesynbrati moOKasywTh, mio micas Moxudikarii Ti mMikpocTpyKTypa miTammoBaHoi crasi
Cr,MoV awminmersca. Kapbigna ciTka pyHHYeTbCA, YTBOPIOEThCA 0araTo APiGHMX KYCKOBUX
i seprmerux das. Minmicts Ha posTarmenssa i Teepaicts crami Cry,MoV Tpoxmu 36inbIIyIOTE-
cd, ajge yjgapHa B’askicTh sHauHo mnoJimmyerscda. Koam smicr Ti cramosurs 0,5 mac.%,
yaapHa B askicts y 2,8 pasu mepeBuinye yaapHy B’ saskicTs HemMoaupikoBaHOI IITAMIIOBAHOI
crami Cr,,MoV.

1. Introduction

Due to the advantages of good har-
denability, high hardness, good wear resis-
tance and small heat treatment deforma-
tion, CrioMoV die steel is often used to
manufacture cold working dies with heavy
load, large batch production and complex
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shape [1-3]. However, as the Cri,MoV steel
is a high carbon and high chrome one, the
coarse ledeburite eutectic segregation will
be formed inevitably especially in high di-
mension steel ingots and at low cooling
rate, which causes the Cry;,MoV steel to be
prone to brittleness in use. Therefore, great
attention of different researchers was at-

87



Fu Sijing et al. / Study on the modification ...

‘? ‘u "-' -Kr"
L ,.!E"' e _%"F

b _ - ¥
..1} l_"'-- *‘@r _"r’* ,._’[h_u_lj.le-
Y [

'..u-l-"'

¥ F 2 -
o ' e, ﬁ R
: W L W
' ¢ v . o

Fig. 1. Microstructure of sample Z1.
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Fig. 3. Microstructure of sample Z3.

tracted to improve the toughness of
CrioMoV die steel and extend the dies serv-
ice life. The results show that the toughness
of CryoMoV die steel can be effectively in-
creased by improving the morphology and
distribution of carbides.

Common processes of changing carbide
morphology and distribution include forging
and heat treatment such as spheroidizing
annealing, quenching and tempering, solid
solution double refinement, cooling quench-
ing, isothermal quenching etc. [4—6]. How-
ever, the forging process on CrioMoV die
steel confronts some difficulties: on one
hand, the irregular and network eutectic
carbides in Crio,MoV die steel are distributed
along grain boundaries where the Crq,MoV
die steel melting point decreases, so the
forging heating temperature can not be too
high; on the other hand, the forging heat-
ing temperature can not be too low because
of the large deformation resistance of
CrioMoV die steel. Therefore, the forging
temperature range is relatively narrow. In
addition, the modification treatment is used
to improve the morphology and distribution
of carbides in high carbon and high alloy
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Fig. 4. Microstructure of sample Z4.

steel. For example, Wei Daibin et al. [7]
analyzed the effect of Al-Zn modification on
the microstructure and mechanical proper-
ties of cast Cr12 die steel. Fu Hanguang et
[8, 9] studied the microstructure and
properties of high speed steel modified by
RE-Mg-Ti. However, there are a few reports
on the modification of Cry,MoV die steel.

2. Experimental

The compositions of different samples of
CrioMoV die steel are given in Table 1.
CryoMoV die steel scrap, steel scrap, pig
iron, ferrochromium, ferromolybedenum,
ferrovanadium and ferrotitanium as raw
materials, were melted to produce different
samples of CrioMoV die steel by using a
medium frequency vacuum induction fur-
nace at the vacuum degree of 20 Pa. The
microstructure of different samples of
CrioMoV die steel was analyzed by using
OLYMPUS metallurgical microscope and
SS3400N scanning electronic microscope
(SEM) equipped with an energy dispersive
spectrum (EDS) analyzer. The impact tough-
ness, the tensile strength and hardness of
different CryoMoV samples were tested by a

Functional materials, 27, 1, 2020
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Fig. 5. Microstructure of sample Z5.

Fig. 7. SEM micrograph of sample Z3.

JB30A pendulum impact testing machine, a
CMT-6104 electronic universal testing ma-
chine and a 200 HRS-150 Rockwell hard-
ness meter, respectively.

3. Results and discussion

As-cast microstructure of samples Z1-7Z6
is shown in Figs. 1-6; the microstructure
consists of the austenite matrix and car-
bide. It can be seen in Fig. 1 that a coarse
carbide network distributes along austenite
grain boundaries, and it can be concluded
that the coarse carbide network is a carbide
compound (Cr, Mo, V, Fe)C. Because
CrioMoV is a high carbon and high alloy

Fig. 6. Microstructure of sample Z6.

Fig. 8. SEM micrograph of sample Z4.

steel, in the stage of solidification, eutectic
reaction takes place and the coarse lede-
burite will be formed inevitably. As-cast
SEM micrographs of samples Z3-Z6 are
shown in Figs. 7-10. Compared to the corre-
sponding Crio,MoV die steel sample without
modification (sample Z1), the microstruc-
ture of the CryioMoV die steel sample modi-
fied with Ti shows obvious difference. The
carbide network is broken, and many little
lumpy and granular phases are produced as
well. The content of the lumpy and granular
phases becomes more and more in the
CrioMoV die steel sample with the increas-
ing of Ti content. Fig. 11 and Fig. 12 show

Table 1. Compositions of different Cr,,MoV die steel samples

Sample Element and content (wt.%)

No. c Cr Mo Vv Mn S P Ti Fe

Z1 1.632 | 11.462 | 1.121 0.228 0.338 0.354 0.023 0.026 0 Balance
Z2 1.632 | 11.462 | 1.121 0.228 0.338 0.854 0.023 0.026 0.1 Balance
Z3 1.632 | 11.462 | 1.121 0.228 0.338 0.854 0.023 0.026 0.2 Balance
Z4 1.632 | 11.462 | 1.121 0.228 0.338 0.354 0.023 0.026 0.3 Balance
Z5 1.632 | 11.462 | 1.121 0.228 0.338 0.354 0.023 0.026 0.4 Balance
76 1.632 | 11.462 | 1.121 0.228 0.338 0.354 0.023 0.026 0.5 Balance

Functional materials, 27, 1, 2020

89



Fu Sijing et al. / Study on the modification ...

Fig. 9. SEM micrograph of sample Z5. Fig. 10. SEM micrograph of sample Z6.

m

Fig. 11. SEM micrograph of sample Z3 and Fig. 12. SEM micrograph of sample Z3 and
the micro-zone element analysis. the micro-zone element analysis.

the SEM micrographs and the micro-zone Table 2. Micro-zone element analysis of

element analysis of the samples Z3 and Z6, sample Z3 (atomic %)

respectively. The Table 2 and Table 3 give

the results of the micro-zone element analy- Element Point A Point B

sis of the little lumpy and granular phases. c 46.75 50.87

It can be concluded that the phasgs marked Ti 47.55 40.74

A and B in Fig. 11 are carbide (Ti, Cr, Mo, v 164 39

V, Fe)C compounds, and the phases marked Cr 1 66 2 49

A, B, C and D in Fig. 12 are also the car- - :

bide compounds (Ti, Cr, Mo, V, Fe)C. Fe 1.49 1.96
Figs. 18—15 show the effects of the Ti Mo 0.91 0.74

modification on the mechanical properties Totals 100 100

of Crio,MoV die steel. It can be observed that

the impact toughness is greatly improved; Table 3. The micro-zone element analysis

tensile strength and hardness of Cry,MoV of sample Z6 (atomic %)

die steel increase slightly with the increas- - - - -

ing of Ti content. When Ti content is Element | Point A | Point B | Point C | Point D

0.5 wt.%, the impact toughness, tensile c 62.52 36.8 55.15 37.19

strength and hardness of Cr,MoV die steel Ti 29.69 | 55.33 | 24.91 | 31.04

are the best. The impact toughness raises \Y% 2.21 1.72 1.69 1.94

1.8 times and reaches to 11.8 J/cm?2, the Cr 1.37 2.52 3.59 11.67

tensile strength increases by 5.88 % and Fe 2.17 1.77 12.93 16.23

reaches about 630 MPa, and the hardness Mo 2.04 1.86 1.73 1.93

increases by 4.68 %. Totals | 100 100 100 100

The nucleation rate can be calculated by
the following equations:
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Fig. 13. Effect of Ti content on impact tough-
ness of Cri,MoV die steel.
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Fig. 15. Effect of Ti content on hardness of
CrioMoV die steel.
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where W is the nucleation rate; N is the
total number of atoms in per unit liquid
volume; h is the Planck constant; k is the
Boltzmann constant; T is the thermody-
namic temperature; AG, is the activation
energy of atom crossing the solid-liquid in-
terface; o is the Gibbs free energy differ-
ence between liquid and solid per unit vol-
ume; V is the crystal nucleus volume; AH is
the enthalpy change; T is the theoretical
solidification temperature; AT is the under-
cooling degree.

The reasons that the mechanical proper-
ties of CrioMoV die steel have been im-
proved after Ti modification are as follows.
Firstly, the content of oxygen, sulfur and
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Fig. 14. Effect of Ti content on tensile
strength of Cr,MoV die steel.

phosphorus in the modified Cry,MoV die
steel reduces; as a result, the eutectic trans-
form temperature of CrioMoV die steel de-
creases, and the phase transformation un-
dercooling degree increases. According to
Egs. (1) and (2), the Gibbs free energy dif-
ference decreases with the undercooling de-
gree increase, resulting in the increase of
the nucleation rate. Therefore, the micro-
structure of Cr,MoV die steel is refined.
Secondly, the Ti modificator can react with
C in the CrioMoV steel melt and form a
large number of refractory TiC particles.
TiC can form prior to MC-type carbide in
the cooling process of the liquid Crq,MoV
die steel. Both TiC and MC-type carbides
have face-centered cubic lattices, and the
preferential direction growth of TiC and
MC-type carbide crystals is [100] crystal-
lographic orientation during the crystal-
lization process, therefore, the TiC and MC-
type carbide crystals are surrounded by
(111) plane when the crystallization com-
pletes; as a result, the crystal mismatch be-
tween TiC and MC-type carbides is 4.1 %
(the lattice parameters of TiC and MC-type
carbide are 0.432 nm and 0.415 nm, respec-
tively). The ecrystal mismatch between TiC
and MC-type carbides is very little, so, TiC
can act as an effective solidification nucleus
of MC-type carbides; this causes both pri-
mary and eutectic cementite granulating
and refining, which obviously improves the
morphology and distribution of the carbides
in CryoMoV die steel. Thirdly, TiC and
austenite have also face-centered cubic lat-
tices, the lattice parameter of TiC is quite
close to that of austenite (the lattice pa-
rameter of austenite is 0.8357 nm), so, TiC
acts as an effective solidification nucleus of
austenite and causes the refinement of
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austenite dendrites. In addition, based on
the theory of fracture mechanics [8], the
hardness depends mainly on the amount of
carbides and the hardness of the Cry,MoV
die steel matrix, so the hardness of Cry,MoV
die steel has little change.

4. Conclusions

After Ti modification, the morphology
and distribution of eutectic carbide in
CrioMoV die steel are improved. With the
increase of Ti content, the carbide network
is broken, and many little lumpy and granu-
lar (Ti, Cr, Mo, V, Fe)C phases are produced
as well.

The impact toughness, tensile strength

and hardness of CrioMoV die steel are im-
proved by the Ti modification. With the in-
crease of Ti content, the tensile strength
and hardness of Cri,MoV die steel increase
to a certain extent, and the impact tough-
ness increases significantly. When the con-
tent of Ti is 0.5 wt%, the impact toughness
of CryoMoV die steel reaches 11.3 J/em?2,
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which is 2.8 times that of unmodified
CryoMoV die steel.
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