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The erosion of H21 tool steel in molten A380 alloy
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The chemical interaction between H21 tool steel and molten A380 alloy was investigated at
700°C under dynamic conditions. Cr,03-coated H21 samples were also investigated under
the same condition for comparison. Samples were rotated at 300 rpm. The test time was
varied between 1 and 36 hours. The reaction zone was characterised by SEM and EDS
analysis. It was found that, from A380 alloy to H21 steel, FeAls, Fe,Als and FeAl,
intermetallic compounds formed in sequence. Major alloying elements from both H21 steel
and A380 alloy were present in those intermetallic compounds. FeAl; compound was
porous, while Fe,Als and FeAl, compounds were compact. The thickness of Fe,Als layer
kept constant in the range of 7-10 um during the tests, while the thickness of FeAl; and
FeAl, compounds increased with increasing test time. Under the dynamic conditions, the
high erosion rate of H21 sample in molten A380 alloy may be attributed to dissolution, swift
melt agitation and poor protective effect of the reaction zone. It was also found that
although Cr,03-coating could protect H21 steel to some extent from erosion in molten A380
alloy, it can only act as a diffusion barrier because the coating itself was attacked by molten
Al-alloy through chemical dissolution. © 2000 Kluwer Academic Publishers

1. Introduction of importance for technological applications. In this
The interaction of iron-based alloys, including steelspaper, we report our work on interaction of H21 tool
and cast irons, with liquid aluminium is of considerable steel with liquid A380 alloy in the time range between
importance to engineering applications, such as conl and 36 hours under dynamic conditions. In addition,
tainment of liquid aluminium and fabrication of cast- the effect of CsO3 coating on the erosion rate of H21
ing equipment. In the service conditions of pressure diesteel was also investigated.
casting, liquid aluminium alloy fills the die cavity at a
high velocity, leading to the erosion of die walls. In 2. Experiment
semi-solid processing, the rapid relative motion of theThe experimental apparatus used for erosion tests is
semi-solid metal to the stationary components can leadlustrated schematically in Fig. 1. The erosion experi-
to severe erosion to the processing equipment. Materiahent was conducted by rotating a cylindrical H21 steel
loss resulted from erosion gives rise to the prematurepecimen around its axis in molten aluminium alloy.
failure of dies and containers, as well as the degradatioiihe rotating system was driven by a variable speed DC
of casting precision. motor. The rotating speed can be varied between 50—

In the literature, investigations on the chemical inter-1000 rpm with a controlling accuracy &f5 rpm. Test
action between iron-base alloys and liquid aluminiumspecimen was fixed in a water-cooled sample holder to
were conducted from several to thousands of minutesninimise the heat transferred to the drive motor. Pre-
but generally less than 1 hour. Basic understanding ofautions were taken to ensure the alignment along the
such interaction has been established. The interactiomtation axis. The temperature of aluminium melt was
was usually controlled by diffusion after initial reac- measured by a chromel-alumel thermocouple with an
tion stage of a very short period of time. Usually two accuracy of+2°C. Al-alloy was contained in an alu-
intermetallic layers were identified in the reaction zone,mina crucible. Melting was conducted in a resistance
namely, FeAd nextto aluminium alloy and RA&ls next  furnace with a reasonably good temperature control.
to steel [1-6]. FeAl was also observed in H13 steel The drive system, melting system and water-cooling
submerged in liquid A380 alloy [7]. An common fea- system were centrally controlled through a control
ture observed in such investigations was that protuberpanel. For all the test runs the erosion temperature was
ances were formed at the outer layer of the reactiorkept at 700C, and the rotation speed was 300 rpm.
zone, extending into the liquid aluminium [7-9]. Its The erosion time was varied between 1 and 36 hours.
breaking-off into the aluminium was deemed a factorThe major experimental parameters are summarised in
of significance to the erosion rate of steel. Table I.

So far there have been few reports on long-terminter- The composition limit of H21 steel sample was
action. However the understanding for long-term Fe/Al8.50-10.0% W, 3.00-3.75% Cr, 0.30-0.60% V, 0.15—
reaction as well as data on material loss rate, is als0.40% Mn, 0.26-0.36% C, 0.15-0.50% Si, less than
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TABLE | Summary of the experimental parameters of the erosion3, Experimental results
tests 3.1. Uncoated samples
Rotating The morphology ofthe reaction zone between H21 steel
Sample Diameter Temperature speed Testtime and molten A380 alloy is presented in Fig. 2 as a func-
material (mm)  (C) (rpm) (hour) tion of erosion time. In all the SEM micrographs in
Fig. 2, H21 steel is located at the left-hand side and
A380 alloy at the right-hand side. As shown in Fig. 2a,
two different reaction layers were formed after 1 hour
test. One was thin and compact, and the other was thick
and porous. The thin layer with a thickness of 8410
was formed next to H21 steel. Taking the concentra-
tion of iron, chromium and manganese into account,
gquantitative EDS analysis indicated that this layer was
FeAls compound. In the compound iron atoms was
partially replaced by chromium and manganese, giving
rise to a compound of (Fe, Cr, Mi)ls. For simplic-
9 ity, (Fe, Cr, Mn)Als will be referred as F&ls here-
/;0 after. The porous thick layer, with a thickness of typical
/ 120m, was formed next to aluminium alloy. EDS re-
11 sults revealed the composition of this layer was (Fe, Cr,
/ Mn)Al 3 intermetallic compound, which will be referred
as FeA} compound in this paper. In both compounds
silicon was also detected. Similarly, after 4-hour test
only FeAls and FeA} phases were observed, as shown
Figure 1 Schematic diagram of the experimental apparatus. 1: furnacdn Fig. 2b. The thickness of the porous Fefsyer grew
cover; 2: sample; 3: sample holder; 4: water in; 5: water out; 6: geato 135—148:m, while the thickness of LAls layer re-
box_; 7: motor; 8: control panel; 9: thermocouple; 10: Al-alloy melt; 11: mained almost unchanged, 8—1fn.
resistance furnace. After 9-hour test the variation in thickness of the
reaction zone became more announced around the pe-
0.30% Ni, and balanced Fe. The selected aluminiuntiphery of the sample. H21 steel was attacked less at
alloy was A380. Its normal composition was 8% Si, places where the reaction zone was thicker. A new layer
3.5% Cu, less than 0.3% Mg and balanced Al. Twoof intermetallic compound was observed in addition to
groups of samples, coated and uncoated with chromiurReAls and FeA4, as shown in Fig. 2c to e. The new
oxide, were tested. In both groups the H21 samplesayer, as labelled “1” in Fig. 2c, was situated between
were 10 mm in diameter and 100 mm in length. In theH21 steel and F&Als layer. Fig. 2d is a secondary
coated group the coating was produced by plasma spraglectron image of Fig. 2c. A comparison between
method at Plasma Coatings Ltd (Tidsswell, UK). TheFig. 2c and d gave more characteristics of the inter-
final thickness of coating was polished to/of, giving  facial morphology. The new layer with a thickness of
rise to a diameter increment of 0.1 mm. 20-49um was compact and was identified as (Fe, Cr,
When the molten Al-alloy in the crucible reached aMn)Al, compound by EDS analysis, and will be re-
steady temperature of 700, the rotating system was ferred as FeAlhereafter. The porous FeAhyer, grew
started and H21 sample was lowered into the molterio 194—412um thick after 9-hour test. In this layer the
alloy once the rotation speed was stabilised at 300 rpnporosity level was significantly higher in the region next
The rotating sample was immersed deep into the melto aluminium alloy (as labelled layer s3in Fig. 2c)
to make sure that the erosion of a large part of sampléhan in the region away from aluminium alloy (as la-
was not affected by the oxide layer on the melt surfacebelled “3," in Fig. 2c). FeAls layer (labelled as “2”
After a predetermined erosion time, the sample wasn Fig. 2c) was between the FeAand FeA4 layers.
raised from the crucible and cooled in air. Specimend-ig. 2e was a higher magnification of the reaction zone
for microscopic observations were cut from the nearin Fig. 2c. The thickness of FAl5 layer remained 8-
bottom part of the sample, normal to its axis. Measure40 um. Its interface was straight with FeAlayer, and
ment of the remained sample diameter excluding theineven with FeA layer. The aluminium melt was la-
reaction zone was carried out microscopically to deterbelled as “4” in Fig. 2c. The morphology of the reac-
mine the erosion loss. Each datum was an average of &ibn zone after 16-hour test was shown in Fig. 2f. The
least 5 measurements. Optical microscopy, scan elethickness of FeAlayer became 458-960m, and that
tron microscopy (SEM), and electron dispersion specof FeAl, layer 80-160um. It was interesting to note
trum (EDS) were used to characterise the reaction zonthat the thickness of RLAls compound still remained
between H21 steel and A380 alloy. In addition, mi- constant. The thickness of intermetallic layers after dif-
crohardness measurement was conducted in differefiérent erosion time is listed in Table II.
intermetallic phases of interest. Every datum was the It was observed that the interface between keAl
common value of over 10 points. compound and A380 melt was kept primarily straight
For coated samples similar microscopic investigatiorthroughout the test, no protuberance was observed in
and analysis were also conducted to characterise theur experiment. Both FeAland FeA} compounds
interfaces of CfO3 coating with A380 and H21 steel. grew thicker with erosion time.
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Figure 2 The morphology of the reaction zone between H21 steel and molten A380 alloy after different erosion time. (a) 1 hour; (b) 4 hours; (c), (d)
and (e) 9 hours; (f) 16 hours. (d) is a secondary electron image and others are backscattered electron images. In all the SEM micrographs, H21 steel

is located at the left-hand side and A380 alloy at the right-hand side.

With the dissolution of intermetallic compounds into hours under the experimental conditions. increases
liquid aluminium alloy, aluminium melt surrounding approximately linearly with the increase of the square
the test sample became more and more saturated witlbot of test time, indicating that the erosion was primar-
iron and other alloying elements of H21 steel. Conseily dominated by diffusion. It should be emphasised that
quently, FeAt phase segregated along the grain boundunlike most of other investigated materials, the attack
aries of aluminium alloy close to reaction zone. Thisdepth was not very uniform throughout the periphery
was shown in Fig. 3. of H21 samples. After long-term test like 9 or 16 h the

The radius decrease of H21 sampie, was plotted cross-section of samples was not very round. Regions
in Fig. 4 against the square root of the test time. Thettacked more severely by molten Al-alloy always cov-
average erosion rate was @& per hour in the first 16 ered by a thinner reaction zone.
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TABLE Il Summary of the thickness of interfacial compounds and
radius decrease of H21 samples

Testtime FeAdlayer FeAlslayer FeAklayer Decreasein

(hour) (wm) (um) (um) radius (mm)
1 0 8-10 118-123 0.27
4 0 8-10 135-148 0.67
9 20-49 8-10 194-412 0.99

16 80-160 7-10 458-960 1.17

Figure 3 SEM micrograph showing FeAtompound precipitated at the
grain boundaries of A380 alloy close to the reaction zone between H21
steel and A380 alloy after 16-hour test.

14

0 1 2 3 4 Figure 5 EDS line profiles of the major constituent elements of both
2 (h"z) H21 and molten 380 at the reaction zone after 9-hour test.

Figure 4 Radiusdecrease of H21 samplas, plotted against the square
root of test time. revealed that FeAland FegAls layers were compara-

tively depleted of tungsten, chromium and manganese.
This was also confirmed by spot analyses of different
EDS line profiles of iron, tungsten, chromium, man- compounds. EDS spot analyses of chemical composi-
ganese, aluminium, silicon and copper at the reactiotion also revealed that the contents of silicon inAle
zone after 9-hour test were presented in Fig. 5. Nearhand FeA} layers were higher than that in FeAayer,
all the major constituent elements of both H21 steel andvhile copper contents in all compounds were very low.
A380 alloy were present in the reaction zone. Thiswas The microhardness measurement atthe reaction zone
in agreement with the previous experimental result thaafter 9-hour test was illustrated in Fig. 6. Since/f&le
the dissolution of alloy elements in steel was uniform, inlayer is too thin, it was impossible to measure its mi-
which all elements in steel diffused into reaction zone incrohardness. In FeAlFeAlk and H21 steel, the hard-
the same ratio as they presented in the steel [10]. Fig. Bess was quite uniform, having mean values of HV974,
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Figure 6 Microhardness profile of the reaction zone between H21 steel
and molten A380 alloy after 9-hour test.
Figure 8 SEM micrograph showing the morphology of the reaction zone
between GrOs3-coated H21 steel and molten A380 alloy after 9-hour test.
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Figure 7 SEM micrograph showing the morphology of the cracked re-
action zone between H21 steel and molten A380 alloy after 9-hour test.

HV403 and HV271, respectively. Due to the variation

of porosity level, the microhardness of FgAhyer 2 (h'?)

showed a decreasing trend towards Al-alloy. Compar-

ison of the measured data with values available in th&'9ure 9 The average decrease in thickness olfFcoating AT, plot-
literature [4, 7, 10] confirmed the phase characterisatioff® 292st the square root of test time.

results by EDS analysis.

It is well-known that Fe-Al intermetallic compounds the coating could occur to some extent. Aluminium was
are brittle. Due to their brittleness, cracks formed readdetected at the interface of H21-coating and iron was
ily within the reaction zone. As shown in Fig. 7, when detected at the coating-A380 interface.
the reaction zone was cracked, molten aluminium pen-
etrated into the reaction zone, making the underlying

H21 steel more deeply attacked. 4. Discussion _
4.1. The nature of reaction zone

Microstructural observation revealed that Bk and

3.2. Coated samples FeAl; compounds first formed at the interface after
The morphology of the reaction zone betweep@r 1 hour test. After several hours FeAlompound also
coated H21 steel and A380 alloy after 16-hour test wagormed. The successive layers of intermetallic com-
shownin Fig. 8. There was no reaction product observegounds formed between H21 steel and A380 alloy is in
at the coating-A380 interface. The interface of coatingagreement with the previous studies on steel and liquid
with aluminium kept very straight throughout the testaluminium alloys. The formation of aluminium-rich Al-
until it was totally removed. Due to the attack from Fe compounds, B&ls and FeA$, can be related to the
aluminium melt, the coating thickness decreased wittgreater interdiffusion coefficients in those compounds
time. Under the experimental conditions, after 36-hourcompared with iron-rich Al-Fe compounds [10]. The
test the C§Os-coating on H21 steel was completely reason for the formation of a thick Feflayer and a
removed. The average decrease of coating thicknest)in FeAlslayersin H21-A380 reaction zone can be at-
AT, is plotted in Fig. 9 against the square root of testtributed to the high porosity level in Fefphase. Liquid
time. aluminium can directly interact with ;Als compound

From EDS line profiles of aluminium and iron it was at FeAls-FeAl; interface, and aluminium melt in this
found that the diffusion of aluminium and iron through porous layer acts as a fast diffusion path. Therefore, in
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this diffusion-controlled process the growth of FeAl Wherecis the concentration of the solute elementin the
compound can be accelerated, giving rise to a thicknelt, cs the saturation concentrationy, the initial con-
layer. centration of the solutdg the dissolution rate constant,
The thickness of F&ls phase depends on dynamic Sthe surface area of solid metalthe melt volumet
equilibrium of its growth and consuming rates at boththe time. According to Kassner equation [18], the dis-
sides of the layer. On one hand, the growth ofde  solution rate constank, may be expressed as
phase into steel or FeAphase is primarily dominated
by aluminium diffusion to the interface throughzl;l-\ég, . k = 0.5541 ~1D%/3;~1/6,1/2 2)
phase itself. The growth rate can be relatively slow since
FeZAIF’. pha?(Ia: IS l(:orr;1pact.b0nhthe oth_er hlfnd’ ;he CONerew is the angular rotating speed of the solid metal,
i;nmgggﬂigk o%vAinSgr'io?r?: di?gctecggﬁgé?gﬁﬂié\ghgzz n the kinematic viscosity of the melD) the diffusion
with liquid aluminium through the porous layer. The coeﬁ|C|ent_ of aIonl_ng element_ across the |nterfa}C|aI
rough FeAls-FeAlsinterface in Fig. 2e is resulted .from zone qnd S afunctlon_ of Sc_hn_udt number. According
the different local reaction rates of 74 5 phase. It will Equation (2), increasing will increase the value of

have a higher consumption rate when it is in contact,’ accordingly increase the value of It means that
Ve a hig . P . he rapid sample rotation can accelerate the dissolution
with liquid aluminium, and a lower consumption rate

: . f com n n n ntly incr he erosion
when in contact with FeAlphase. (r)atzo pounds, and consequently increase the erosio
fi ﬁhze r?re;e;nﬁtebof a;:ltatyglln?inilen:tegttsflnt t?? rretﬁc- In related erosion tests of steels in liquid aluminium
form g ﬁ fg thir? ang tebl pEOAIaI a? (?AIIO— ealloys,itwasconfirmedthataIarge number of protuber-
ormation ot a ana stable 5 1ayer. Alloy ances formed at the interfaces of steels with aluminium

Were found 6 feduce the intermetali layer hickness2l1o¥S [7-S1: Those invesiigations were conducted un-
Y der either stationary chemical interaction or low rotat-

grgr?tn[glltiig]] ssllillci:c?gnlztg?nesn;?g :s?uorighn:g%réizi)}?lt?ng velocity of steel sample in liquid aluminium. The
structural vacancies of Fals phase [6, 14, 15]. Some Erotuberances were cylindrical at the base and topped

authors claimed Al-Fe-Si compounds mav form rOW_by a cone, growing from reaction zone into aluminium
ing more slowly than Fe\l< [5 (|3016 FoIon'n tﬁogse melt. They presented over atemperature range, resulted
‘N9 Wiy 515, 6, 16]. oWIng from the dendritic growth of iron aluminides. However,
arguments, the reason whyJPés layer did not grew

thick steadilv i K b lained b the hi hunder our experimental conditions, a planar interface
lick steadily in our work may be explained by the ign . oserved. It is believed that the formation of such
silicon content in A380 melt and high concentration of

alloying elements in H21. However, very thin s planar interface can be attributed to the rapid wash-

layer was also reported in the cases of pure aluminiu ing of aluminium melt to the samples. In other words,

y PO pure. e shear stresses at the interfacial region can lead to
[8' 10]. Therefore, it seems that the dynam|c equmb-a continuous breaking-off of any cegxes, restraining
rium between the growth and consuming rates of the[-,[S further growth into protuberances '

FeAls phase is the major mechanism for the forma-
tion of a thin and stable RLAl5 layer.

The observed morphology of intermetallic com- . .
pounds in this investigation is quite different from that 4-3. Protective effect of the reaction zone
reported in the literature. In the cases of pure solid iron' "€ high fraction of porosity in FeAllayer is detri-
and liquid aluminium, FgAls layer was thick, form- mental to the erosion resistance of H21 steel in molten
ing a tongue-like morphology, while a thin Fepayer ~ Al-alloy. Porosity not only decreases microhardness of
formed neighbouring liquid aluminium [5, 6, 8]. Itwas F&Als layer, making the layer more vulnerable under
deemed that the growth direction of JA4ds coincided ~ COMpressive stress, but also facilitates the diffusion of
with the direction of the ¢ axis of orthorhombic cells @luminium and other elements through Felayer. So,
was the reason why Eals grew rapidly and formed although the.thlckn.ess pf Eeflhyer is great, its effect
tongue-like morphology [3]. However, in the cases ofOn theT restraint of diffusion is very poor. In other words,
alloy steels or liquid aluminium alloys, the morphology the thick FeA} layer can not protect effectlvelyth_e H21
and thickness of intermetallic compounds had a grea$@mple from both mechanical wear and chemical cor-
deal variation, and porosity was sometimes observef0SI0n. _ o _

[2, 6-12]. It is found that in all cases when a FgAl FeAls layer is compact, but since it is very thin (less

layer was thick it was porous, while when this layer than 10um) its effect on the restraint of diffusionis also
was thin it was compact. limited. In contrast, FeAlcompound is compact and is

well adhered to steel substrate (see Fig. 2b to €). Thus
the continuously growing layer can slow down diffusion
4.2. Effect of dynamic conditions more effectively than other intermetallic compounds.
It is known that liquid agitation affects drastically the As a result, after the formation of a thick FeAayer,
solid dissolution process. The dissolution of a solidthe erosion rate is decreased as shown in Fig. 6.
metal in a liquid metal can be described by the fol- Another reason for the declining erosion rate in Fig. 6

lowing equation [10, 17] is that the diameter of H21 sample decreases with time.
Thus with the proceeding of the test there is less sample

In (Cs — CO> _ it (1) area available for erosion. With the decrease of sample

Cs—C v diameter the tangential velocity at sample periphery is
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also decreased. This will in turn decrease the erosiofusion barrier and is not a ideal coating to prevent H21
steel from the chemical attack of molten aluminium.

rate.

4.4. Effect of Cr,03 coating
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