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Abstract 4Cr5MoSiV1(AISI H13) steel, a widely used for hot-work tagikel, com-
poses Cr, Mo, V alloying elements that easily form carbidBse type and
distribution of carbides deeply affect its mechanical jerdes and thermal
fatigue behavior. The impact toughness and thermal fatlglavior of
4Cr5MoSiV1 steel were investigated in this paper. Primanpides and mi-
crosegregation which deteriorate impact toughness, exibte electroslag
remelting ingot. Adopting homogenizing and appropriaihgat treatment,
primary carbides can almost dissolve, and eliminate mégegation at the
same time. So carbon and alloying elements distribute hemexusly, and
the secondary carbides distribute on the ferrite matrixdgeneously, which
can all increase impact toughness value. The paper alsaltdst thermal
fatigue behavior using Uddeholm self-restrict thermalbiae testing appa-
ratus. The type of carbides changed during thermal fatigag the more
thermal fatigue cycles experienced, the larger the dianoétearbides was,
and those two factors decreased microhardness of the suafger. The re-
sults indicated that 4Cr5MoSiV1 steel had good thermagtegiresistance
after homogenizing.
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INTRODUCTION

4Cr5MoSiV1 (AISI H13 steel) steel, a widely used hot workltsteel
with good thermal fatigue resistance, good impact toughntsnpering
resistance, is used as die casting dies to produce industrigoponents of
aluminium, magnesium and zinc alloying [1]. Microsegrémabf chemical
elements and eutectic carbides exists in 4Cr5MoSiV1 steelyzed by tra-
ditional process, which will deteriorate the mechanical #rermal fatigue
behavior [2, 3]. The testing results indicate that the inbpawghness value
of transversal direction is only 30-40 percent to that ofjitudinal direction
of a 4Cr5MoSiV1 steel block with large cross section. Howgtree ratio
of impact toughness value (transversal impact toughndaeA@ngitudinal
impact toughness value) is over 0.8 of Uddeholm 8407s stiglelarconsid-
erably homogenous microstructure. In order to increaséntpect tough-
ness value and improve the mechanical and thermal fatighavim of
4Cr5MoSiV1 steel, traditional process must be improvedaapt homog-
enizing annealing process. The primary carbides and n@gregation can
be eliminated by means of homogenizing process. Unifornmastoucture
can be gained after homogenizing and then the mechanicpéfires of
4Cr5MoSiV1 steel, especially the impact toughness valueg eeduction
and elongation rate, increase sharply, in the end, the Hidatigue resis-
tance can be improved as well as prolong the life of the dies.

EXPERIMENTAL METHODSAND RESULTS
MATERIALSAND HEAT TREATMENT

The chemical compositions of testing materials were tabedlan Table 1.
The chemical compositions of Uddeholm 8407s steel weresalean in Ta-
ble 1. From the result in Table 1, both 4Cr5MoSiV1 steel andiékhbim
8407s steel were with almost the same content of main chépleaents,
but the content of trace elements of Uddeholm 8407s stesh, @i sulphur
and phosphorus, was much lower than that of 4Cr5MoSiV1 .stEeken
though, the chemical compositions of the two steels usebairewithin the
range of H13 steel of NADCA 207-90 standard. According togudg], the
lower the content of sulphur in die casting dies, the belttethiermal fatigue
resistance will be. Steel ingot is refined by electroslageléng (ESR) in
order to decrease the content of sulphur, and then the EQR3ngks at a
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considerably high temperature for a long time, (i.e. homagieg anneal-
ing), then it is forged at the temperature range of 1°L0@&nd 900C'. Large
strains are obtained during forging the ingot, and sph&ioigl annealing
is conduced to obtain uniform microstructure without pniynearbide and
microsegregation.

Table1l. Chemical compositions of 4Cr5MoSiV1 and Uddeholm 8407slsteed (wt%)

Brand C Cr Mo V Si Mn S P
4Cr5MoSiVl 0.38 5.11 125 0.86 1.01 0.31 0.003 0.012
8407s 0.40 5.14 146 0.93 1.02 0.41 0.0005 0.009

The 4Cr5MoSiV1 steel produced by traditional process d@5MoSiV1
steel produced without homogenizing) is symbolized A, tBe5MoSiV1
steel subjected to homogenizing is symbolized B. Both ri@térand ma-
terial B were austenitized at 1030 for 30 minutes, then oil cooled to room
temperature. Tempering was effected fox2hat temperature of 610" and
air cooled to room temperature. The heat treatment of attispns was
carried out in vacuum furnace in order to limit decarburtrat

MECHANICAL PROPERTIES

The hardness of annealed state and quenched and tempéeeaf state-
rial A and material B is shown in Table 2 and Table 3. Hardnessrdhina-
tion of annealed state was carried out by HB-3000 hardomatek that of
guenched and tempered state was determined by 69-1 haetoifretm the
data in Table 2, we can conclude that the annealed hardness ofaterials
was almost the same, but it was a litter lower than that of tdddbolm
8407s steel. And there was no difference in hardness aftaraiping and
tempering, the hardness after quenching and tempering GvalRC.

Table2. Hardness of material A, B and Uddeholm 8407s steels in aadethte
material A material B Uddeholm 8407s
HB 173 178 199
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Table3. Hardness of material A, B and Uddeholm 8407s steels afteraileg and tem-
pering. Austenitized at 1010 for 30min, tempered at 610" for 2hx 2

Material A Material B Uddeholm 8407s
HRC 46 46 47

Determination of tensile strengthy;, , elongation gy, area reductiory),
were carried out by MTS-80 testing machine at room tempegatéour
locations in the steel block were selected to determineetineschanical
properties, the specimens were selected from the surfateae of lon-
gitudinal direction and those of transversal directionbl&a4 and Table 5
show the results of material A and material B respectivesyaaontrast,
Table 6 show the corresponding data of Uddeholm 8407s stepll shows
the impact toughness value. The impact toughness value gtasntned
by JB-30B impact testing machine with a maximum impact cipat 300
J. The impact samples of annealed state were U-notched enidhpact
samples of quenched and tempered state were non-notchetl. s&aple
was milled to 10.3x 7.3 mm square by a length of 55 mm prior to heat
treatment, then finished to 207 mm square (toleranceé 0.05 mm). Five
samples were prepared for each group of test, and the avarsigealue
calculated. As the data indicats, the mechanical propeofid Cr5MoSiV1
steel increased sharply after homogenizing, especiadly th
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Figure 1.  a) annealed impact toughness value and b) quenched andréezimpgact
toughness value of material A, material B and Uddeholm 840%al.
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Table 4. Tensile strengthg;, , elongation,é10, and area reduction), of annealed and
quenched and tempered material A.

Annealed material A Quenched and tempered material A
longitudinal transversal longitudinal transversal
surface center surface center surface center surface rcente

o, [MPa] 592 602 595 590 1531 1550 1563 1520
810 [%] 241 248 251 231 9.1 8.4 7.1 5.5
¥ [%] 626 628 641 467 455 424 412 103

Table 5. Tensile strengtla;,, elongation,éio, and area reductiory, of annealed and
quenched and tempered material B.

Annealed material B Quenched and tempered material B
longitudinal transversal longitudinal transversal
surface center surface center surface center surface rcente
op [MPa] 617 616 609 606 1457 1465 1598 1606
10 [%] 26.3 25.1 24.7 245 8.7 7.7 6.7 6.3
P [%] 69.2 69.4 69.1 66.7 54.5 51.8 40.7 37.8

Table 6. Tensile strengthg,, elongation,dio, and area reductiony, of annealed and
quenched and tempered Uddeholm 8407s.

Annealed Uddeholm 8407s Quenched and tempered Uddeholis 840
longitudinal transversal longitudinal transversal
surface  center surface center surface center  surface rcente
o [MPa] 670 668 683 664 1518 1557 1546 1520
d10 [%0] 24.2 24.6 23.0 23.1 9.6 8.7 8.7 7.6
1 [%] 65.9 65.4 64.2 63.8 52.8 51.8 42.1 39.3

specimens of transversal direction in the central steekbl@heratioR (R
equals to impact toughness value of transversal diredtigpalct toughness
value of longitudinal direction) of material A was only alb@u3, however,
the ratio R of material B increased to 0.8 after homogenigthgch reached
the level of Uddeholm 8407s steel. In another words, it meatthe impact
toughness value of transversal direction in the steel hilogkoved and the
microstructure became uniform.
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METALLOGRAPHY AND SEM EXAMINATION

The microstructure of each testing sample was observed KYMHOT
21 metallographic microscope. Fig. 2 shows the microstrecof material
A and B. From the metallograph there exists eutectic casbatel grain
boundary secondary carbides in the annealed material AeveawFig. 2b
showed uniform microstructure of material B. Secondarpickes are dis-
tributed homogeneously on the ferrite matrix without priynearbides and
microsegregation.

Figure2.  Metallograph of annealed specimens, a) metallograph ofmaht\; b) metal-
lograph of material B.

Fig. 3 shows the fractographies determined by a scannictr@temicro-
scope (SEM) HITACHI S-570. Fig. 3a is the fractograph of mateéA. A
small plate was observed in the center of the fractograpéstified a primary
carbide enriched with vanadium using energy dispersivetspscopy, EDS.
Transgranular quasi-cleavage and intergranular cleavageboth observed
in the fractography. Fig. 3b was the fractography of malt&janalysis on
the fracture surface of material B indicated that considleralastic defor-
mation occurred during the fracture process. The predamhfrecture mode
displayed by these specimens was transgranular quasagiea

Electron-beam Probe Micro-analysis(EPMA) determinatias made on
both material A and B. It determined the Cr, Mo, V, and C eletm@&very
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Figure 3.  SEM fractographes of quenched and tempered specimens,tajiahd,; b)
material B, austenitized at 1020 for 30 minutes and tempered at 6X0for 2hx 2.

0.03 mm using wave dispersive spectroscopy(WDS). The tatadber of
determining spots were 30 to record the counter number. Thkulated
the root-mean-square deviation was calculatedjn line with data which
can indicate the segregation of the chemical elements exainil he result
was tabulated in table 7. The root-mean-square deviati@r,dflo and V
elements in material A was higher than that in material Bydi¢ated that
these elements existed solidifying segregation phenomeno

Table7. The calculation results of root-mean-square deviatiorrgff, V, and C elements
in material A and B.

Material A Material B
Cr Mo V C Cr Mo \/ C

Os 221 21 67 73 183 9 30 100
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THERMAL FATIGUE TESTS

According to paper [5], thermal fatigue was defined as "Gahdracking
due to many temperature cycles, a microscale phenomenemn iofa thin
surface layer of the tool". In this test, the thermal fatigaenples were taken
from the center of the ingot parallel to the rolling directiol he shape and
size of the thermal fatigue samples were shown in Fig. 4.h&limal fatigue
samples were ground and polished to get mirror finish so asrtionize the
damage of grinding. Thermal fatigue tests were held in a Figguency
induction furnace, which was contributed by INDUCTOHEAT RPO-
RATION of America and rebuilt in our laboratory, now possegsmuch
function such as automatic controlling of heating, cookmgl recording the
cycle number. According to the thermal fatigue test stashddityddeholm
Company, the standard of self-restricting heat-cool tetigest, the cycle
was designed as follows:

Temperature range: room temperature@700°C"; heating time: 3.6
sec; holding at heat: 1 sec; cooling time: 8 sec; holding at:ct sec;
cooling medium: water;

5 113

Figure4. Shape and size of the thermal fatigue samples used in thés tes

Each sample was immersed into 10% hydrochloric acid to ateioxide
layer, then observed its thermal fatigue cracks using NiBtereoscopic
Zoom Microscope SMZ645 after subjecting to 3000 cycles. Fighowed
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the morphology of thermal fatigue cracks of material A an&®m Fig. 5a,
which was the morphology of thermal fatigue cracks in matef, the

longitudinal cracks developed rapidly, connected toge#mel formed the
main crack. It was obvious in these two figures that the danhags of

thermal fatigue cracks in material A was severer than thahaterial B,

since there were many longitudinal cracks penetratinghallarea of the
sample in the former but only relatively fine and equable natlcs in the
latter.

Figure5. Morphology of the thermal fatigue cracks observed by strepic microscope
a) material A; b) material B.

DISCUSSION

The mechanical properties of material B was superior to dfiahate-
rial A, especially the transversal direction propertiethia core of the steel
block of material A, such as the impact toughness value, twhias only
30% of that of longitudinal direction. This phenomenon waduiced by
several factors. First, there existed severe chemicalesiesrsegregation
in the ESR ingot, Cr, Mo and V congregated at some certaintaré@m
eutectic carbides such as VC. It formed stripe structurelvenriched with
C and alloy elements or impoverished of these elements atdbdited al-
ternatively after the ingot being forged, thus obtainingasiderable degree
of anisotropy [6]. Second, eutectic carbides and grain dapnsecondary
carbides both deteriorated the impact toughness to a gxeaite Eutec-
tic carbides particles embedded on the equiaxed ferritexmaind grain
boundary secondary carbides existed at some locations trialaA as
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shown in Fig. 2a. However, material B (i.e. 4Cr5MoSiV1 staekck after
homogenizing) had a quite uniform microstructure with fipaeroidized
secondary carbides particles in the ferrite matrix. Froenftactograph of
material A as shown in Fig. 3a, the feature of the fracturéaserwas inter-
granular cleavage mainly, some small cleavage facets wse\adnl on the
fracture surface. Secondary carbides and tramp and treweeets precipi-
tated at the austenite grain boundary, which caused maxksrto expand
through grain boundary. As shown in Fig. 3b, there was a gnegdortion
of dimples on the fracture surface of material B, it indichtieat the impact
sample subjected to great plastic deformation beforearstidre. This type
of fracture surface indicated that the material had reditigood ductility
and toughness, which was supported by the average impagttriess value.

Strength, toughness, ductility and hardness of hot wook-steel can
all affect its thermal fatigue behavior. The thermal faéigiracks usually
expand through the grain and other places whish has rdiatoxe strength
and bad toughness. From the impact toughness value, weedmedé has
a considerably low impact toughness value of transversattion in the
core of the steel block of material A. So the thermal fatigtecks expand
through transversal direction of the steel block and formmedn thermal
fatigue cracks eventually, the dies will fail to servicelgavhen these main
cracks become wide and deep to a certain extent. There isuthe isnpact
toughness of longitudinal and transversal direction ofemal B, on the
contrary, and the thermal fatigue cracks expand evenlyndutie thermal
fatigue tests inducing to long service life of dies.

CONCLUSION

Stripe segregation and eutectic carbides in 4Cr5MoSiVal stecrease
sharply impact toughness, especially the transversaldttpaghness in the
core of the steel block. Adopting homogenizing annealiraress, we can
eliminate segregation and eutectic carbides, and theroepmechanical
properties of 4Cr5MoSiV1 steel. The impact toughness valushort-
transversal direction in the core of the steel block canease from 28 J to
204 J, reaching the level of Uddeholm 8407s steel. So onelwtaima high
degree of isotropy of mechanical properties and microsirac

The thermal fatigue behavior of 4Cr5MoSiV1 steel can alsoriproved
through homogenizing. Subjecting to same heat-cool cydlessMoSiV1
steel shows good thermal fatigue resistance with smalltheeial fatigue
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cracks after homogenizing. However, it shows a relativelgt thermal fa-
tigue resistance with bulky, parallel thermal fatigue &sawithout homog-
enizing.
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