ISSN 1027-5495. Functional Materials, 26, No.4 (2019), p. 767-772.

doi:https://doi.org/10.15407/fm26.04.767

© 2019 — STC "Institute for Single Crystals”

Study on the modification of Cr,,MoV die
steel by titanium

Fu Sijingl, Jiang Binghua2, Wang Jingz, Cheng Hong2

13chool of Mechanical Engineering, Chengdu Technological University,
Chengdu, 611730 Sichuan, China

2School of Materials Engineering, Chengdu Technological University,
Chengdu, 611730 Sichuan, China

Received April 22, 2019

In this paper, Cry,MoV die steel was modified by Ti. Microstructural analysis of samples
with different Ti contents was performed and mechanical properties were measured. The
results show that after the Ti modification, the microstructure of Cr,,MoV die steel shows
obvious changes. The carbide network is broken, and many little lumpy and granular
phases are produced as well. The tensile strength and hardness of Cri,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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Onucana mrammosaa crane Cri,MoV, mogudurnuposannas ¢ mcnoabsosanuem Ii. IIposexen
MUKPOCTPYKTYPHBIII aHa/IU3 U MeXaHUJYeCcKHe CBOMCTBAa 00pasiloB C PA3JIMYHBIM COLEP KAHU-
em Ti. Pesyabrarhl IIOKasbIBAIOT, UTO MOCJHEe MOAUMPUKAIMHK |i MUKPOCTPYKTYpPa IITAMIIOBOI
cramua Cri,MoV usmenserca. Kapbupnasa ceTka paspyllleHa M BOSHMKAET MHOTO MEJKUX KYCKO-
BBIX ¥ 3ePHHCTEIX ()as. IIpouHOCTs Ha pacTasKkeHMe M TBeprocTh cramu Cr,MoV yeernunsarorcs
HEMHOI'0, HO yJapHas BASKOCTb 3HAUMTEJIbHO yayumiaercsa. Ilpm comepsxamumu Ti 0,5 mac.%,
yIapHas BASKOCTH B 2,8 pasa IIPEBLIMIAeT YIAPHYI BASKOCTL HEMOAMMDHUIIMPOBAHHON IITAMIIO-
Boit cramu Cry,MoV.

Hocaimxenns mogupikanii mrammosoi cram Cry,MoV turanom. Fu Sijing, Jiang Binghua,
Wang Jing, Cheng Hong.

Onmmcano mramnosy cranb Cr,MoV, mommpirosary 3 BuxopucrasHam Ti. IIposeneno
MIKpPOCTPYKTYPHMU aHauis i BuMipsHo MexaHiuni BiaacrusocTi 3paskie 38 pisHum Bmictom Ti.
Pesyapratu cBiguarTs, mo micas mogudiranii Ti mixpocTpykTypa mrammosoi crani Cry,MoV
meMoHCTpye sminu. Kapbimma mepeska 3pyiiHoBaHa 1 BUHMKAae 6arato MajleHbKMX KYCKOBHX i
sepaucTuX (has. MinmicTs Ha posTarmenHsa i Teepgicts crami Cri,MoV s6impnryrotsca Tpoxu, ane
yrapHa B saskicTs sHauHOo noJaimmyerses. Koau smicr Ti cramosuts 0,5 mac.%, yaapHa B’A3KicTb
v 2,8 pasu mepeBuIye yAapHy B’askicTe Hemoaudirosanoi mrammosoi crani Cry,MoV.

1. Introduction

Since the Cri,MoV die steel has the ad-
vantages of good hardenability, high hard-
ness, good wear resistance and small heat
treatment deformation, it is often used to
manufacture cold working dies with heavy
load, large batch production and complex
shape [1-3]. However, as it is a high carbon
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and high chrome steel, the coarse ledeburite
eutectic segregation will be formed in the
CrioMoV die steel inevitably especially in
high dimension steel ingots and at low cool-
ing rates; these factors cause the Cry,MoV
die steel to be prone to brittleness in use.
Therefore, it is of great attention for dif-
ferent researchers to improve the toughness
of CrioMoV die steel and extend the service
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Table 1. The composition of different Cr,,MoV die steel

Sample Element and content, wt.%

No. c Cr Mo v 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 0.354 0.023 0.026 0.1 Balance
Z3 1.632 | 11.462 | 1.121 0.228 0.338 0.354 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
Z6 1.632 | 11.462 | 1.121 0.228 0.338 0.354 0.023 0.026 0.5 Balance

life of the die. The results show that the
toughness of the Cri,MoV die steel can be
effectively increased by improving the mor-
phology 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 the Cry,MoV
die steel will confront some difficulties. On
one hand, the irregular and network eutec-
tic carbides in CryoMoV die steel are distrib-
uted along the grain boundaries, where the
CrioMoV die steel melting point decreases,
so the forging heating temperature can not
be too high. On the other hand, the forging
heating temperature can not be too low be-
cause of the large deformation resistance of
the CryoMoV die steel. Therefore, the forg-
ing temperature range is relatively narrow.
In addition, the modification treatment has
been used to improve the morphology and
distribution of carbides in high carbon and
high alloy steel. For example, in [7] authors
analyzed the effect of Al-Zn modification on
the microstructure and mechanical proper-
ties of cast Cr12 die steel. In [8, 9], micro-
structure and properties of high speed steel
modified by RE-Mg-Ti were studied. This
paper investigates the properties of modi-
fied steel CryoMoV.

2. Experimental

The composition of different Cryo,MoV die
steels was given in Table 1. CrioMoV die
steel scrap, steel scrap, pig iron, ferro-
chromium, ferromolybedenum, fer-
rovanadium and ferrotitanium, as raw ma-
terials, were melted to produce different
CrioMoV die steels by using a medium fre-
quency vacuum induction furnace, and the
vacuum degree was 20 Pa.

The microstructure of different CryoMoV
die steels was analyzed by using an OLYM-
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PUS metallurgical microscope and a
SS3400N scanning electron microscope
(SEM) equipped with an energy dispersive
spectrum (EDS) analysis attachment. The
impact toughness, the tensile strength and
hardness of different Crio,MoV die steels
were tested by a JB30A pendulum impact
testing machine, a CMT-6104 electronic uni-
versal testing machine and a 200 HRS-150
Rockwell hardness meter, respectively.

3. Results and disscussion

As-cast microstructure of Z1-7Z6 samples
is shown in Fig. 1-6; the microstructure
consists of austenite matrix and carbide. 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 com-
pound (Cr, Mo, V, Fe)C. Since the Cr ,MoV
die steel is a high carbon and high alloy
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 Fig. 7-10. In comparison with the
corresponding CrioMoV die steel without
modification (sample Z1), the microstruc-
ture of the Cry,MoV die steel modified with
Ti shows obvious differences. The carbide
network is broken, and many little lumpy
and granular phases occur as well. The
amount of these lumpy and granular phases
becomes more and more with the increasing of
Ti content in the Cr12MoV die steel. Fig. 11
and Fig. 12 show the SEM micrographs and
the results of a micro-zone component
analysis of samples Z8 and Z6, respectively.
The Table 2 and Table 3 give the micro-zone
component analysis results of the little
lumpy and granular phases. It can be con-
cluded that the phases marked by A and B
in Fig. 11 are a carbide compound (Ti, Cr,
Mo, V, Fe)C, and the phases marked by A,
B, C and D in Fig. 12 are also the car-
bide compound (Ti, Cr, Mo, V, Fe)C. Fig.
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Fig. 1. The microstructure of sample with 0 % Ti

Fig. 3. The microstructure of sample with
0.2 % Ti.

Fig. 5. The microstructure of sample with
0.4 % Ti.

Table 2. The micro-zone component analy-
sis result of sample Z3 (atom %)

Fig. 2. The microstructure of sample with
0.1 % Ti.

Fig. 4. The microstructure of sample with
0.3 % Ti.

% ) as
b, £ e v N g% e
Fig. 6. The microstructure of sample with
0.5 % Ti.

Table 8. The micro-zone component analy-
sis result of sample Z6 (atom %)
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Element Point A Point B Element | Point A | Point B | Point C | Point D
C 46.75 50.87 C 62.52 36.8 55.15 37.19
Ti 47.55 40.74 Ti 29.69 55.33 24.91 31.04
\ 1.64 3.2 \ 2.21 1.72 1.69 1.94
Cr 1.66 2.49 Cr 1.37 2.52 3.59 11.67
Fe 1.49 1.96 Fe 2.17 1.77 12.93 16.23
Mo 0.91 0.74 Mo 2.04 1.86 1.73 1.93
Totals 100 100 Totals 100 100 100 100
769
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$-3400N 10.5mm x600 SE

Fig. 7. The SEM micrograph of sample with
0.2 % Ti.

S-3400N 10.3mm x600 SE

Fig. 9. The SEM micrograph of sample with
0.4 % Ti.

1.50k SE

Fig. 11. The SEM micrograph of sample with
0.2 % Ti and the micro-zone component analysis.

13—15 show the effects of the Ti modifica-
tion on the mechanical properties of the
CrioMoV die steel. It can be observed
that the impact toughness has been
greatly improved; tensile strength and
hardness of the Cr{,MoV die steel in-
crease slightly with the increasing of Ti
content. When the Ti content is
0.5 wt.%, the impact toughness, tensile
strength and hardness of the Cr;,MoV die
steel is the best. The impact toughness is
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S-3400N 10.8mm x600 SE

Fig. 8. The SEM micrograph of sample with
0.3 % Ti.

S$-3400N 10.3mm x600 SE

Fig. 10. The SEM micrograph of sample with
0.5 % Ti.

S-3400N 500 SE

Fig. 12. The SEM micrograph of sample Z3
and the micro-zone component analysis.

raised by 1.8 +times and reaches to

11.8 J/em?2, the tensile strength increases
by 5.88 % and reaches to about 630 MPa,

and the hardness increases by 4.68 %.
The nucleation rate can be calculated by

the following equation:

_ NET

un h exp(— ET )exp(—

kT(AGV)z) ’
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Fig. 13. The effect of Ti content on impact
toughness of Cr,MoV stamp steel.

The impact toughness (J)
(o]

ACy = AGy - YHAT, (2)
0

where p is the nucleation rate; N is the
total number of atoms in per unit liquid
volume; h is the Pranck constant; & is the
Boltzmann constant; 7' is the thermodynamic
temperature; AG, is the activation energy of
atom crossing the solid-liquid interface; a is
the Gibbs free energy difference between liq-
uid and solid per unit volume; V is the crystal
nucleus volume; AH is the enthalpy change;
To is the theoretical solidification tempera-

ture; AT is the undercooling degree.

After the Ti modification, the reasons
that the mechanical properties of the
CryoMoV die steel have been improved are as
follows. Firstly, the contents of oxygen,
sulfur and phosphorus in the modified
CrioMoV die steel reduce, which makes the
eutectic transformation temperature of the
CrioMoV die steel decrease, and the phase
transformation undercooling degree in-
creases. According to the formulas (1) and
(2), it can be known that the Gibbs free
energy difference decreases with the under-
cooling degree increase, resulting in the in-
crease of the nucleation rate. Therefore, the
microstructure of the Cr;oMoV die steel is
refined. Secondly, the modifier Ti can react
with C in the Cry,MoV steel melt and form
a large number of refractory TiC particles.
TiC can be formed prior to MC-type carbide
in the cooling process of the liquid Cry,MoV
die steel. Since both TiC and MC-type car-
bides have face-centered cubic lattices, and
a preferential growing direction of TiC crys-
tal and MC-type carbide crystal is the [100]
crystallographic orientation during the
crystallization process, and the TiC crystals
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Fig. 14. The effect of Ti content on tensile
strength of Cr,,MoV stamp steel.

336
33.41 —
33.21
33.01

328
|
326 —

Hardness (HRC)

32.4 1
32.2 1
3204 «

31.8 T T T T T T
0.0 051 0.2 0.3 0.4 0.5

The content of Ti (Wt%)

Fig. 15. The effect of Ti content on hardness
of Cry,MoV stamp steel.

and MC-type carbide crystals are sur-
rounded by (111) planes when the crystal-
lization completes; as a result, the crystal
mismatch between 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, respectively). Because the crystal
mismatch between TiC and Mc-type carbide
is very little, so TiC can act as the effective
solidification nucleus of MC-type carbide;
this causes both primary and eutectic ce-
mentite granulated and refined, which obvi-
ously improves the morphology and distri-
bution of carbide in the Cryo,MoV die steel.
Thirdly, TiC and austenite are also face-cen-
tered cubic lattices, the lattice parameter of
TiC is quite close to that of austenite (the
lattice parameter of austenite is 0.857 nm),
so TiC acts as the effective solidification nu-
cleus of austenite and causes the refinement
of 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 the
CryoMoV die steel has little change.
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4. Conclusions

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

The impact toughness, tensile strength
and hardness of the CrioMoV die steel are
improved by the Ti modification. With the
increase of the Ti content, the tensile
strength and hardness of the Cry,MoV die
steel increase to a certain extent, and the
impact toughness increases significantly.
When the content of Ti is 0.5 wt. %, the
impact toughness of the Cry,MoV die steel
reaches 11.8 J/cm?, which is 2.8 times that
of unmodified Cri,MoV die steel.
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