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Effects of 0.5 at. % boron doping on NigsAl WY s&gﬁraﬂe‘vs v«»eze mvesmgateﬁ for, th
iest time, yielding a puraber of observations net previously ei}ser\fed in the literature. First, the
n growth Kinetics of both the doped and undoped alloys were found to diSObe} the simple
] ais\,ﬁ law 4= Cf", but instead follow. an equation of the type d = CInf2) +.C, . The constants ©
and Uy were found to be {sspsemeh 10.2 and 232 Tor the boron-free éiim and 6.2 and 14.2 for
. boren-doped alloy, i:e., the grain growth rate was retérded significantly upon boron:doping.
Sucha retarding effect is thought to be due to the formation.of a beron-nicke! cossgregated zone
observed-at the grain boundaries of the doped alloy; the width of the zone, in pm’s, s two 10
three orders of magnitude larger than the boron induced disordered layer - found.-in nickel rich,
> igAi compounds doped with boron. Other associated effects of the eosegragated zone include a
Tsharg; increase in toughness, much better slip transmission across grains and reduced. work-
hardening rates, Another intriguing point is that the o precipitates were found to segregate to the
ain boundaries 1n the boron-free alloy. after sﬁi@ rolling, but no \i;ciri segregation of Y
D ipitates has, been observed in the boron-doped  alloy.  The. different ée?armatm;}
; mis(ms{;ucmres and the retarded grain growth rates upon boron d@pmg will be discussed.

INTROBUCTION

Efiects of boron doping on the mechanical properties and microstructures of NisAlalloys
been widely investigated since the observation that small amounts ef boren addition could
ificaﬁﬂv amieliorate the ductility of hypo-stoichiometric Nisal aiims . This boron-induced
‘ mg eﬁec*: miga{ be acc&ﬂmed for by ceveml me&;}s F;r*:t thﬁ gfam hoasdar'v mhs\;xe

c&i ct}mpmaﬁeas was fﬁ&ﬁd o be Sffﬁ%‘iﬁmbﬂéé %si}en h{}ﬁ}’i {io;}mg in theoretical
ions™. Furthermore, the grain %eﬁﬁdaf\f enersy of the boron doped NIz Al was found 0
than that of the pure b;nafy DAL Boron doping s also very effective in hindering
ronment embrittlement, sayin H20 environment, but not i dey Ho, either by preventing the
*t:;ar; sf atomic hydrogen or by retarding the diffusion of wtomic hydiogen along grain

.‘Another proposed explanation attributed the ease of dml@»&ii{m inter grmaiaf ship
o1 maifen of a disordered gram b{}zmdary phase upon boron éepms X

Although it has been well recognised that boron doping ductilives nickel- nch \;aA
aﬁ(}}s no ' general “agreement i}ab ye{ been reached on -the eﬁf\,cf Gf boron “doping on the
crystatlisation in NizAl atloys™!". The work of Yang and Baker'® demonstrated 2 zetaréﬁﬁ
ystallisation kinetics in Ni;Al upon boron doping, while the cbservations of Zhou ot al!

>§§awe§ no difference in the recrystallisation kinetics of NizAl as boron doped up to 500 ppm.
loreover; they found that grain growth kinetics of Ni;Al foliowed the equation of ' = C1" with
ranging from 0.2 to 04 regardless of the amount of boron addition: The grain- growth
behaviour should have been affected if solute atoms, say boron, had segregated to the grain
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boundaries. It was therefore natural to ascribe the fack of effects on grain growth:behaviour to
insufficient dn}@n%:}t of bgron which might be the result of the desegregation process at high
Eemperamres
EXPERIMENT

Two alloy ingets with composition of NigsAl were prepared by meilting pure nickel and
aluminium ina high frequency induction melter with argon protection. The ingots were remelted
several times and homogenised at 1100 °C for 48 hours in vacuum to remove composition
fluctuation.-Boron addition with a nominal value of 0.5 at. % was added in one ingot while the
other one is left boron-free. After homogenisation, the toughness of both alloys was evaluated by
Charpy impact-tests carried out on bpecmxem pre-notched with a wire cutter. Compression tests
were condiucted at a strain rate of 107 57! 1o investigate the vield behaviour of both alloys. The
compression specimens were of dimension 4x4x7 mm and electro-polished for post-mortem
trace ‘observation.” Homogenised microstructure and the fractured surface were observed in
scanning ‘electron microscopes. Thin foils were prepared from the deformed alloys, electro-
polished in HiGsOH + HCIOs and observed ina transmission ‘electron microscope. The
homogenised alloys were cold rolled homogeneousty to 80% reduction in thickness, then
annealed at 1200°C for different duration to evaluate the grain growth behaviour of both alloys.

RESULTS
1. - Homogenised microstructure

After homogenisation, both the boron-free and the boron-doped alloy have grain sizes of about
200pm. However, significant difference exists between the grain boundary structures of the two
alloys. As shown in fig 1(a), the Y precipitates are of similar sizes up to the grain boundaries in
the ‘boron-free alloy. However, a transition zone can be easily identified in the homogenised
boron-doped alloy (fig. 1(b)). This grain boundary zone is of pm’s in width, 1.e., two to three
orders of magnitude larger than the boron-induced disordered layer reported in nickel-rich NizAl
compounds. The ¥ precipitates inside the zone are considerably smaller than that at the grain
interior. Upon EDX analysis, the nicke! composition in this zone was found to be higher than
that af the grain interior,

Fig.l. SEM mzcr{}gr&phs showing the homogenized microstructure of (z) the boron-free alloy and (b) the
boron-doped atloy.

2. Gran growth kinetics

As shown in fig2, the grain growth behaviour of both alloys was found to obey an
equation of the typed = Cln(e)+ C, rather than the simple Nielsen law d = ", Moreover, the
grain growth rate of the boron-doped alloy is much larger than that of the boron free one, e, C

180




and €y are 102 and 23.2 respectively for the boron-free alloy while they are oniy 6.2 and 14.2
for the boron-doped aﬂ{ay This rﬁtazdaimn in grain grsmﬁi kir*encs up@n boron depmg wzii be
expiameé later. ~

y— i62§1x+23 253
=08840

< 0.3009% - 13,91
R® = 0.base

Girain size (Microns)

Lniy

Fieg2 2. T%zb grain growth behaviour plotted (a) after Nielsen iaw a.ﬁd (b} as an eqaatioﬁ d= ~Cln{t)+ Cy

Tor the boron-free and bsron-dayed alloy. There is systematie deviation §Jemeef; the data points and
Nielsen's law.

3 Mechanical Properties and deformation microsiructure

The energy: absorption per-unit-area in the Charpy impact tests of the sa;semiieys&as
found to inerease by more than 5 times from about 0.18 MN/m to 1.0 MN/m after only 0.5 at.%
boren addition As shown in fig.4, the fracture behaviour of both alloys differs significant]
bsmn—dspea alloy fractured in a ductile mode characierised by a dimpled appea{aﬁce The

. ee aHQV, however, Fractured in 2 completely iranszraﬂﬁiaf‘ ashien, and the ?facmfe
surface was rather smee{h and free from deformaﬁsﬂ maﬁ{s Sem ; graﬁﬁ%&{ cracks

abser ble.

Fig 3 R&d{}gm;)ky of () the boron-free aﬂsv and{b) the E}Grﬁﬁ e}ped alloy obtained 1 smpast fes

The aerﬂpreﬁsmﬁ vicld stress of the mieﬁ-{iap@d aiimf was found to be abaut 410MPa, a

Bittle larger than the 380MPa for the boron-free alloy. On the other hand, the work hardening rate
was found to be decreased upon beron doping, Consistently, the hardness value of the éereﬁiree
and the boron-doped alloy are 233 HV and 212 HV respectively, f.e. being slightly Tower in'the
boron-doped alloy than the boron free one: Figd shows'the slip trace on'the lateral surface of the
boron-deped ‘and boron-free specimens compressed to a'similar strain. The ‘slip-lines'start and
terminate af grain boundaries in the boron-fre¢ alloy. Moreover, grains protrude cut'heavily after
compression. This, however, is not the case for the boron-free alloy, where slip lines span widely
and no grain protrusion can be identified.
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Fig 4. Optical images showing (a) thesboron-free alloy and (b) the boron-doped atloy after compressed
to ~7% strain

Fig..5{a) and (b) show the grain boundary microstructures of the boron-free and boron-
doped alloys after compressed to about 7% permanent strain. The dislocation density in the
precipitates at the vicinity of the boron-free alloy is much higher than that in the boron-doped
alloy. The electron channelling contrast images of the same grain boundaries are shown in
fig.5(c) and {d). A grain boundary zone can also be identified.in the boron-doped alloy.

Fig.5. TEM images showin grain boundary of (a) the boron-free alloy with higher dislocation density
(g =l 1iyand (b) the boron-doped alloy with lower dislocation density (g=[0201]) after compressed to
~7% strain: The grain boundaries in (a) and (b) as viewed by electron channeling contrast are shown in
{c) and (d) respectively. A grain boundary zone is seen as outlined in (d) in the boron-doped alioy.
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Fig.6. shows the microstructure of the  boron-free and: boron-doped alloysafter
omogeneausly cold rolled to 80% reduetion in thickness: The o precipitates; which show dark
ontrast in images, segregate to grain boundaries in the boron-free alloys after cold rolling while
o suchsegregation of ¥ precipitates-can be identified in the Boron-doped alloy.

Fig 6 Optical images showing the microstructure of {a} the boron-free alloy-and (b) the boron-doped
alloy after cold rolled to 80% reduction in thickness.

; ‘Segregation Gi boron to grain boundaries of NuAl alloys-has been widely investigated
and Wsli documented '*; Orie of the most pronounced evidences was obrained using AES by
i ot 21> where boron addition was found to strongly segregate to the grain boundaries rather
an to.any other free surface. Accompanying this chemical segregation at grain boundaries,
boron addition changes the fracture -mode fmm completely - intergranular to completely
ransoranular. Furthermore, Choudhury et At found . that boron desegregated from grain
boundaties of Ni;Al alloys when subjected to heat-treatment at high temperatures, say iGﬁG"C

Fracture mode of the boron-doped samples changed from transgranular for those slowly cooled
niefgranular mode for those rapidly quenched. In the present investigation; & similar change
15 the fracture mode has also been observed after 0.5 at.% boron doping and this is assoeiated
with a significant increase in the impact toughness (the epergy absorption per unit area increased
by more than five times). The segregamon of boron to grain boundaries, therefore, migh’ also be

Scfnwsoa and co- wc}&ers have proposed a mechanism which ascribed the boron méﬁceﬁ
zmg of Ni;Al alloy to a grain boundary chemical composition change after bammdc}pmg

1 pertains the ordered L1y structure up to'very nedr its’ melting iempsratme However,
B&kﬁf and Schulson'® observed a disordered grain boundary phase of about 20nm wide with
k'i’E\*Ia&er borbn doping. \v’ioyemfe; inesitu observation of dislocation intergranular ship-in the
boron doped alloy was also made’. In addition, boron-induced reduction of the'Hall-Petch slope
dentified by several researchers’ . The dislocation slip across grain boundaries in the boron-
d NizAl alloys, therefore, was facilitated mainly by the disordered phase formed along grain
o mi&r‘cﬁ

- Sehulson’s mechanism is highly favoured as far as the microstractural iobservations in the
resent study are concerned. Firstly, as shown in fig. ! (b}, a grain boundary nickel-rich zone has
Been observed in the homogenized boron doped alloy while no such zone has-ever been found in
e boron-free ailoy. The size of such a grain boundary zone 15 several microns wide. The
4 fereﬁce between the size of the grain boundary phase rﬁ;}efted in NizAl alloys. and the size of
the srain boundary nickel-rich zone in the present study may be due to the different surplus
| contents in the two cases. The large quantity of surplus nickel atoms in the present study
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may make the formation of larger sized nickel-rich zone possible while the size of the grain
boundary disordered phase in NizAl alloys may be mainly restricted by the Timited améunt of
surplus nickel ~

As shows in fig. 6(2), ¥ precipitates segregated to the grain boundaries in the boron-free
alloy after eold rolled to 80% reduction in thickness. However, such a segregation of ¥ has never
been found in the b&rori{k}?ed alloy after cold rolling. The facts that only 0.5 at. % boron was
added and that 2 well defined zone was observed in the homogenized boron-doped alloy before
cold rolling strongly sugeest-an important role of grain boundary structure in the cold rolling
process. Further investigation into this aspect is needed, In the present studv the most intriguing
point concerns the sienificantly retarded grain growth kinetics upon 0.5 at. % boron doping.
Comparing with the experimental temiperature reported for boren desegregation to happen-in
NizAl ailoys, the annealing temperature dn the present study, say 1200°C. is much higher.
Nevertheless, the significantly retarded grain growth rate upon boron dﬁ@mg strongly suggest a
hindering effect of boron solute in grain boundary msblhty

CONCLUSIONS

In the present study. 0.5 at. % boron doping in & ¥y nickel-aluminium alloy was found to
retard the grain growth kinetics significantly, improve the impact toughness by about five times,
and to decrease the work hardening rate. These phenomena can be refated to a grain boundary
nickel-rich zone observed after boron doping. This grain boundary zone may also account forthe
observed different microstructures. after cold rolling.
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