GLOBAL JOURNAL-OF PURE AND APPLIED SCIENCES YOL. 10, NO. 1, JANVARY 2004: 161-110
COPYRIGHT(C) BACHUIDQ SCIENCE CO. LTD. PRINTED IN NIGERIA. ISSN 1118- 0579

EFFECT OF COOLING RATES ON THE MICROSTRUCTURE AND 101
CRYSTALLOGRAPHIC PROPERTIES OF Ni-Ni_B EUTECTIC

JOHN A. AJAO and SYLVAINE HAMAR-THIBAULY

(Received 26 May, 2003; Revision accepled 24 July. 2003

ABSTRACT

The crystallographic and microstructural properties of the binary lamellar Ni - Niz;B
cutectic prepared under various cooling rates had been investigated using differential
thermal analysis (DTA), scanning clectron microscopy (SEM), X-ray diffraction
(XRD) and transmission electron mucroscopy (TEM). It was observed that for low
cooling rates, the theoretical law “A°V = constant” was valid. However, for high
solidification rates (meltspinning), the interlamellar spacing (A) scemed independent
of the cooling rate. Crystallographic orientation rclationships between the two
phascs of the cutectic under three cooling conditions were propo‘sc’d. In the DTA
mode (slow cooling), the relationship between the two phases was stable. However
as the cooling rates increased ( quenching and meltspun modes), the relationship

tended towards mctastability.
KEYWORDS: alloy. solidification. microstructure, eutectic, volume [raction.

1. INTRODUCTION

The enhancement of mechuanical pi‘c]ﬁrligg of Ni-B alloys increases with boron
content has been reported by Campbell et al (1988). The high hardness value of
these alloys suggests their application as wear-resistant coatings under various
working conditions (Knotek ¢t al 1974, Ajao et al 1995). It has also been
demonstrated that the wear resistance of Ni-B alloys increases with boron content

and iy excellent for alloys containing 13.0 and 37.0 at %B in pin-on-disc

experiments where the pin was glass-filled epoxy (Campbell ¢t al 1988). The
cquilibrium solid solubility of boron in nickel is quite low, with a maximum of the
order o 0.3% at the Ni - Ni3B cuteetic temperature of 1093°C. A large amount of
undercousling has been reported during slow cooling of these alloys (Ajao ct al 1988)
which has been explained by difficulty of the NiB phase to nucleate from the melt.

The binary Ni — NisB cutectic is  common ir these coating alloys. The eutectic
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composition is Ni - 16.2% (Ajao ctal 1988).

Sinee this cutectic composition [Lf

“within the range of composition ol wear
RS

resistant industrial application ol these®alloys and is common in these wear resistant

coatings. its microstructural and crystallographic characteristics under various

cooling conditions needs  extensive investigation.  This  article  describes  the

investigation on the crﬁtaliographic behaviour 4s well as the microstructure of the

binary Ni-Ni;l3 cutectic subjected 1o a wide range of“.cooling rates lrom slow cooling

in differential thermal analysis (DTA) to quenching by meltspinning technique.

2. EXPERIMIENTA [: PROCEDURE

2.1 Preparation ()t'. the cuteetic alloy.

“The culeetic composition was prepared from pure Ni and NiB containing 15%0.
Accurately  weighed  components ol the alloy were arc-melted in an argon
atmosphere using a non-consumable tunéslcn clectrode: This operation was repeated
several tmes o ensure the homogenization ol the sample.

2.1.1 DTA samples " E

The melting bclmvioﬂr and phase formation were determined by ditTerential thermal
analysis (DTA) in a semi-quantitative automalic apparatus. at LTPCM, Grenoble,
France (Ajao 1988). This apparatus allows the autematic control of thermal
programs and automatic analysis of the results. The heating and cooling rate is 5°C
min™.

2.1.2 Quenchied trom the Hquids samples

During heating in DTAL some samples were quenched in air from the hiquidus. The
cooling rate in this case has been estimated at 10"C s (Ajao 1988).

2.1.3 Mecltspun samples ’

Some samples were produced by the meltspinning technique (developed at L'TPCM,
Grenoble. TFrance) which consists ol induction-melting the accurately weighed
mixtures ol pure metal (nickel) and nicket boride (NiB) ol cutectic composition in a
crucible with a nozzle (diameter = 0.8mm) through which the molien alloy is cjected
on o a cooled rotating copper surface under an ambient pressurce ol about 200mbar
helium. The temperature of the liquid alloy belore ¢jection onto the rotating copper
wheel was kept at about 50°C above the eutectic temperature. The wheel surlace
veloeity used in this work varied [rom 15 to 43ms™. The ribbon alloy produced were
Fo 2mm wide and 30 to 50pm thick. The cooling rate was estimated  between 2

and Sx 107Ky
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Figure 1:(a) SEM of the Ni-Ni3B cutectic after DTA (59C/min-1)
(b) Microstructure of the cutectic on TEM
(c) Superposed diffraction pattern
(d) Key diagram
2.2 Sample characterization
The microstructure of the alloy and the nature of the phases were examined by X-ray
diffraction (XRD), scanning elcctron microscopy (SEM - JSM35) equipped with
energy dispersive X-ray analysis system (EDXA - TRACOR) and transmission
clectron microscopy (TEM) performed on thin foils. The samples for SEM
observations werc slightly etched with an etchant consisting of 5g FeCl; + 10ml
Conc HCl dissolved
in 50ml-“H,O. Thin foils were obtained by electropolishing using electrolyte

containing 57% H,S04 in H,O at room temperature under 10V.

3.0 EXPERIMENTAL RESULTS
31 Morphoiogy of the Ni-Ni;B eutectic

The microstructure of the binary Ni-NizB eutectic ol?served in the three modes of
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Figure 2: SEM of the Ni - Ni3B eutectic quenched from the liquidus.

cooling is lamellar but with varied interlamellar spacings. Figure rla and b
respectively show the scanning electron micrograph and transmission electron
micrograph of the slowly cooled Ni-Ni3B cutectic with interlamellar spacing of
about 5pm. The Ni3B lamellae arc twice the size of the Ni lamellae. However, this
interlamellar spacing is 10 times larger than thdt observed on the same cutectic
quenched (T=10Cs™") from the liquidus (Fig 2). In this quenching mode, the Ni and
Ni3;B lamellac have {hc same size (0.5um). In this latter mode of cooling, figure 3

shows the transmission electron micrograph (a), the superposed diffraction pattern

'{(b) as well as the key diagram (c) of the cutbetic:

The change in microstructure of the meltspun cutectic as a function of the wheel

velocity is presented on Figure 4. Figures 4a and b show the lamellar eutectic

structure at wheel velocity, V, = 15ms” and 28ms™ respectively although with
varying interlamellar spacing. The cutectic structure remains perfectly lamellar for
wheel velocities less than or equal to 28ms™. At 28 < V, < 45ms™, the lamellar
eutectic becomes fine. However, at V, > 45ms™" the eutectic is no more lamellar but
globular as shown in Figure 4c. This structure arises from the very high cooliilg rate
T > IOGKS“'). As reported by Cantor (19806), the higher the wheel velocity the
higher is the cooling rate.

As mentioned above, in the eutectic quenched from the liquidus, the lamellae of Ni
and Ni3B have the same size (Fig. 2). However, in the case of the meltspun Ni —
Ni3B eutectic, the lamellae no longer have the same size. Thus for the wheel velocity

of about 15ms", the interlamellar distance is about 75wm, with the lamellae of NizB

twice (50pum) as large as those of Nickel (25um). Furthermore, the variation of the .
interlamellar spacings as a function of the cooling rate is presented in Figure 5c:

From the [igure, it can be deduced that the spacing decreases as the cooling rate
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increases. Similar observations are obtainted in the plot of the interlamellar spacings

as a function of the growth rate in Figure 5b. -

3.2 Crystallographic Orientation of Ni(a) - MigB([3)
From the superposed diffraction pattern of the two phases (under each cooling
.- mode), the following crystallographic orientation relationship can be proposed:

) DTA mode (Figures 1¢ and d)

(313)s // 311)q

s0nm | [101]p /7 [031]q

e

2

oA

Figure 3:(a) TEM of the Ni-Ni3B eutectic quenched from the liquidus
(b) Superposed dilfraction pattern

(c) Key diagram
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Figure 4: Evolution of the eutectic structure as function of the wheel velocity

(@) Vy=15ms! (b) V;=28ms! (¢) V.= 45ms-]
(i) Quenching mode (Figures 3b and ¢)
(042)p /1 (022)q
©13) /(111
<100>p /1 <211>g
(iii)  Meltspun mode

(042)p /1 (110)q
<100>p // <111>4

In the slowly cooled cutectic (DTA), the orientation relationship between the two
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VOLUME FRACTION =

IFigure 3: (@) Vartation ol the interlamellar distance (&) with the cooling rates

(b) Interlamellar distance (&) as a function
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various binary lamellar cutectics.

v Variation of the nickel volume fraction . (f,), with cooling ratc (T)

ol the growth rate (V) for
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phases is well represented l;y the relavon given by Shapiro and Ford (Shapiro ¢t al
1966) in wnidirectionally solidilied Nij —-\'N‘i;B‘ cutectic. The (110) NizB planc is
almost parallel to the (031) Ni planc. However, the two orientation relationships. in
this work (quenching mode) and those of Shapiro ¢t al 1960, are obtained [rom cach -
other by a rotation of 30" of the (111) Ni plane around the (100) NizI3 plane, The
(111 Ni plane is parallel to the (013) and the (011) NizB plancs, respectively, in this
work and in the report of Shapiro et al 1966. In addition, the orientation felationship
between the two phases in the melispun mode is identical to that observed in the
quenching mode, The direction of the lamellac related to the surface of the ribbon is

near the plane (100) of Nis13.

4. DISCUSSION

This discussion will be concentrated on the cifect of cooling rate on the interlamellar
spacing (A ) and the growth rate of the Ni-Ni:I3 cutectic.

It has been reported that this cutectic remained lamellar over a range of cooling rates
= lrom DTA 1o Meltspinning. Lutectic structures have been widely studied by
Jackson el al (1966) and Ruth ¢t al (1969). Theoretical  approach concerning
cutectic growth under slow cooling condition had been developed by Jackson et al
1966. "This approach led to the expression between the interlamellar spacing ().
undercooling (1) and the growth rate (V).

i» B "l“ = a()/ A/\z» + boV/ 7\, """""""""" (i)

whiere a, and b, are constants characterizing the cutectic alloy.
From the above equation, il a minimum ol undercooling at a
maximum speed. Voois assumed. three interdependent equations between &,V oand

AT can be obtained as follows:

ATV =dagb,........ veeen(1V)
I'rom the above relationships, the following values were estimated for the Ni — Ni;B3
slowly cooled binary eutectic structure:
a4 = LOK.

by = 1.6x107 K.s. um™

According o Ruth et al (1969) the pure Ni-NizB approaches the law i . V*3 =

ra
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constant while the impure Ni-NizB follows from relation (ii). It can be deduced that

the slowly cooled Ni-Niz;B cutectic_in_this work approached the latter theoretical

law. lowever, at high growth rat¢ (mellspinning), A scemed to be independent of

the cooling rale in this Ni-NizI3 culeetic. Similar obscrvations have been reported by
Liu and Fredriksson (1987) in the rapidly cooled Fe-FFe;C cutectic. I”url.licpmqrc. lhg
average growth rates (V) obtained for the slowly cooled and quenched [rom the
liquidus Ni-NizI3 cu(c?lic arc Spms” and 400pums™ respectively. These values

A

. ~ 5 . 3/2 oy
correspond to the theoretical value of *A.V* = 1opm*? s I'he measured

-2

experimental values vary between 10 and lme3 2§ Hence there is a remarkable
agreemient between the lhc;)rclica] and expcrinwnial values in this work.
Furthermore, for high growth rale (4ems™'< V 2 7ms™ in the meltspun Ni-Niz3
cutectic) the measured experimental value (A z--,()v.l;un)‘sccm’cd to be constant and
twice the theoretical value of 0.05wm. T'hts probably shows that this theoretical law
seems to be invalid for meltspun cutectic. However, Jackson and Huit (1966)
modcl has been modified by Kurz et al (1986) wnd Trivedi et al (1987) in order (o
adapt it for high growth rates such as observed in meltspinning.

Morcover. it was observed that the-volume Traction (I,) of Ni decreased as the
cooling rate increased (Figure S¢). This is in good agreement with the obseryvations

ol Liu and I'redriksson 1987 in the e - C alloys.

5. CONCLUSION

By

It has been shown in this work that the theoretical law *2.2V = constant™ between the
interlameltar distance () and the growth rate (V) is valid for slow cooling rates. [‘or
high cooling and growth rates (meltspinning) this law tends towards the stability of
h

We also reported o decrease of the volume fraction of Ni as the cooling rate
increased. a behaviour similar to that reported by Liu and Fredriksson (1987) in the
e - C alloys. Furthermore. a stable crystallographic relationship between Nioand
Niz:B3 phases during slow cooing in DTA were observed while this relationship

approached metastability as the cooling rales increased.
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