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MECHANICAL PROPERTIES OF LAVES PHASES
C 6o Sasaki
Inorganic Materials Research Division, Lawrence Radiation Laboratory
Department of Materials Science and Engineering, College of Engineering

University of California, Berkeley, Callfornia

ABSTRACT

'Primarj interest in Laves phases in iron binary systems with transi-
tion elementslies in their effects as dispersed precipitates. The
characteristics of Laves pﬁases themselves should be made clear before
discussing précipitation hardening. Mechanical probertieé of Laves phases,

TiFe,, ZrFe, and HfFe,

2? 2° 2 T2 ‘
Vickers hardness tester. The highest strength (over Hv. 1000) was obtained

NbFez, TaFe have been studied by use of a micro

in NbFe2 gnd'TaFeQ, o

low (Bv. 859). The observation of the deformation around the hardness

ﬁhile the stréngth-of TiFe2 and ZrFe. was comparatively

indentation showed that TaFe_, ZrFe, and HfFe2 seemed to deform partially

2 2

with plastic form.

NbFe2 and TaFea, which had almost the same strength but deformed
differently were. chosen for fhe'study of their_effecté on the mecﬁanical
properties of:the iron base binary alloys. Both higher strength and better
ductility weie obtained in the Fe-1.9 at.% Ta alloy than in Fe-1.78 at.%
Nb alloy. A remarkable denuded zone at the retained 6 grain boundaries was

observed in the Fe-1.78 at.$ Nb alloy.



I. INTRODUCTION

'vThg Laves phase which was first established in the earl&xl930's by F.
Laves is aﬁ intermediate compound with a stoichimetric composition of
A32 in which the structuré is-primarily determined by the relative size
of the atoms.

Most binary systems of iron with IVa, Va and VIa transition elements
have Laves Phases, which appear as'precipitates’in useful élloys. In the
iron base and nickel base super alloys for example Laves phases with vari-
ous kinds of morphology always exist and are thougﬁt to increase the strength
and decrease the ductility and thé notch toughness at room temperature.l
Laves phases are not confined to the transition metal systems. Many
studies on the magnetic properties of Laves phases with non-transition
elements have been done . Meinly due to theirvbrittlenéss, however, only
e few worksz-h on the mechanical properties of Laves phases have been
reported.

Here; thé mechanical'propérties of the iron base Laves phases with
IVa transition elements, i.e. Ti, Zr and Hf, and Va transition elements,
i.e. Nb and Ta were studied by micro Vickers hardness tester. The obser-
vation of the deformation around the hardness indentation was carried out
by using the interference~contrast method with reflected light and thé
scanning electron microscope.

G. R. Speich5 investigated the precipitation behavior of Laves phases
from iron-niobium and iron-titanium solid solution. Unfortuhately, the
mechanical properties of these alloys, however, were not reported, which
makes quantitative anal&sis difficult due to the unknown relation between

yield stress and hardness.



What kind ofbpreéipitaté is desiféble'forfdesigning alloys? Alloys
cdntainihg‘stronglparticlesv1ncoherent with matrix can incréése work-
hardening raté-because slip disloc;ﬁions léaveslloqps around particles v
that they pass,‘and the effective interparticle spacing decreases as the
number of loéps incrédsés. For coherent precipitates, élip dislocationé
must shear.the particlés in order to increase the yield Streés.

Two high hardnéss Lavés phasés, NbFe2 and TaFez which showed diffe-
rent tyyes of deformation in micro Vickers test, where chosen for the
study of their effécts on the mechanical éroﬁerties of the iron base

binary alloys. The effect of heat treatment on the morphology of precipi-

tates was also investigated.



II. EXPERIMENTAL PROCEDURE
The experiment consists of two parts,(a) the mechanical;properties

of Laves phases, and (b) their effects as precipitates.

A. Material Prepafation

The material used for the first paft of the gndy_was prgpafed from
& button ingot (20.0 to 40.0 g) produced by an arc melting furnace (MRC
Model AF-92C) and solution treated in quartz capsules evacuated and back
filled with high purity argon. High purity raw materials were carefully
selected for this study; 99.9% purity niobium and 99.9% tantalum powders
were used as rav materials, and 99.9% purity sponges for titanium, zir-
‘conium and hafnium, and 99.999% purity powder for iron fespecfivély;' A1l
alloys were turned and remelted from 3 to 6 times in order to preventv
segregation. The ingots were invariably brittle. Some materials were
shatteréd during cooling, which is due to the rapid cooling by the water
cooléd copper mold.  Alloy No. 23 (TaFez) was remelted in the vacuum in-
duction furnace in which the cooling velocity can be controlled to be
rélatively slow.

Table I shows the materials, melting method and the condition of the
heat treatment.

The materials used for the second part of the study were prepafed by
vacuum induction melting of electrolytic iron (99.8%), high purity niobium
rods (99.99%) and high purity tantalum (99.99%). The melts were vacuum
cast as 1.00 to 1.25 in. diameter, 6 to 12 in. length ingots, which were
hot rolled into a bar with 0.50 in. diameter in the temperature range

950 to 1000°C. Specimens of 0.50 in. diameter, 0.075 in. thickness were
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TABLE I. vChemical composition, melting method‘and heat treatment of the
' Laves phases ' S S

No. COmpésition (at.%) : Mélﬁing Method* = Solution Treatment
11 NbFe, (Nb 23.0) AM () © 1250°C, 2k hr.
12 NvFe, (Nb 33.0) AM (3) 1300°C, 24 hr.
13 NbFez‘(Nb 42.0) AM (3) 1300°C, 24 nr.
21 TaFe, (Ta 27.0) _ AM (L) 1350°C, 2k br.
22 TaFe, (Ta 33.0) AM (L) 1350°C, 2k hr.
23 TeFe, (Ta 33.0) M (5) - viM (1) 1350°C, 2k hr.
31 TiFe, (71 25.0) (W) ~ 1250°C, 2k hr.
32 TiFe, (Ti 33.0) (s 1250°C, 24 hr.
33 TiFe, (Ti 35.0) - M (5) | 1250°C, 2k hr.
b ZrFe, (2r 23.0) - AM (4) | 890°C, T days.
42 ZrFe2v(Zr 33.0) " AM (6) 890°C, T days.
51 HfFe, (Bf 33.0) RO 1250°C, 2k hr.

* ' : :
AM: Arc Melting, VIM: Vacuum Induction Melting. The number in parenthesis

shows the times of remelting.

TABLE II. Chemical composition of the alloys

Alloy At.% Nb Ww.% Nb At. 2 Ta Wt.% Ta Solution Treatment

Nb2 1.78 2.80 - - 1380°C, 1 hr.
Ta2 - - 1.96 6.0k - 1koo°c, 1 hr.




cut from the rolled bar,_sea;éd4in quartz»ooosuies-eQacuated and back
filled with_hiéh.pﬁrity afgon gos; and'heatod'in the'o phaoé.regioo.l The
iroﬁ;niobiumvolioy'and the iroh-tantélum ailoy'were’solution treated for
60 minutes atk1380°c and 1ko0°C, respeétivel&; aﬁdvquéhchéd‘by smashing
the capsules into 10% salt solutioh: In order‘to spheroidize the grain
"boundafy precipitates, & transformation tredtment i;el,. d+Laves > Y+laves >
a+laves, was carried out for 10 and 60 minutes at iooo°c, 1050°C and |
1100°C, followed by air cooiing. ASTM standard 0.25 in. round tension test
specimens which were'bréparod'oy machining of the rolled bar were heat
treated éxactly'in the samétway. |
The compositions -of tﬁé alloy'investigéted were selected so that the

'alloys should havé thé samé amount of precipitates at equilibrium condition.

Alloy compositions and solution treatment are given in Table II.

B. X-Ray Analysis-_
Using Norelco type 12045 diffraotomotor with CuKo, (A:l.shosoz)
radiation and.moﬁochromator, the crystal struoture of.Laves phases was
checked. A“powdér of 100 mesh was prepared for the test. The diffrac-
; tion patterns were determined by taking the average of at least two
measured "d" (interplanar spacing) values. The analytical method6 and
Hu;l-Davey chart were used for indexing'patterns of hexagonal, and cubic

crystals respectively.

C. Optical Microscopy

Specimens prepared for microscopy were mechanically polished with
emery papers and 1.0u diamond paste, and then finished with 0.5u A1203

particles. The echant used for No. 11 NbFe2 (Nb 23.0 at.%), No. 21 TaFe2
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- (Ta 27.0 at.%), No. 31 TiFe, (Ti 25.0 t.%) and No. 1 ZrFe, (2r 23.0 at.%)

IWES'F801 solutlon and for other materlals was Keller s concentrated echlng

J
solution and/or or 50%VH3PQh plusMSOZ‘HF solutdon. _ »
The echant used for Nb2 and Ta2 was,2$ and/or 5% Nital, depending o
on the condition of the heat treatment. C |
‘ D.leicro_Vickers HardnessATest :
Hardness of Laves phases was measured at least ten times by us1ng |
Leitz s MHNILOAD hardness tester mostly w1th 300 gram load. A 100g
load was used for No. 11 NbFe (v 23 0 at. %) No. 21 TaFe, (Ta 27.0 at.%),
and No. hl ZrFe, (Zr 23 ) at %) 1000 g and 2ooo g loads vere also used
for the observatlon of the deformation around the hardness 1ndentatlon.
Hardness of the aged specimens of Nb2 and Ta2 was determlned from
the average of f1ve 1ndentations made with 300 g load
_E. .InterferencevContrast Method»with Reflected Light
'yThe'interferenCe-contrast method:withireflected light(Zeiss' Ultrae :
phot II) was employed for determining whether'the deformation around the
hardness indentation was due to slipping or‘cracking;l o
F. Scannlng Electron Microscopy ‘
U51ng JSM—U3 Scannlng Electron M1croscope (25 kV) the observatlon :
of the deformation around the indentatlon was- carrled out at higher magnl—tf_v 9

ficatlons (l OOOX to 10, 000)
This was w1dely used for the observatlon of the graln boundarles and
the morphology of the prec1p1tates in NB2 and Ta2 The fracture surface

of tensile specimen was also observed by the scannlng electron mlcroscope.
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' G.v Tensile Test

An Ipstré@‘(TT-Mbdel,vInstrqn Eng.'CQop)‘ﬁasvused for the tensile

testing of Nb2 and Ta2. A cross head sﬁeéd~of70.1 cm per second was:

employed. The tensile test specimens were ASTM standard 0.25'in. round
bar type'with'l{OOO in. gage length. The yield stress was determined by

taking the 0.2% offset strain.
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III. RESULTS AND DISGUSSION

TAL Mééﬁ;ﬁiédiﬁPrgbertiééfbf Laves Phases

1. Phase Diagram

‘ Fiéurés 1 to 5 show thé‘latést eQuiiipriug phaég’diagramsT-g of the @
systemé;‘on which the comﬁgéitibns'uSéd fér'this study are marked. The |
‘theoretical range of Laves phasé'based on the high tempefaiufé‘pﬁasé'

disgram proposed by L. BrewertC is also showh. In 'the iron binary system

59 ZrFea,.HfFez,

has not been decisively confirmed.

with IVa, Va and VIa elements, there exist Laves phaSes;lTiFe
09 TaFe2 and'WFeQ. The compound MoFe2

Pure WFe, is hard té obtain because of fhe many intermetallic compounds in

NbFe

the system. Severalvattémpts'io maké a pti’re;WFe2 had bée# doné‘by.the_
author, hoﬁévér, several other phases Wéré-fOrmed ﬁhibh could not be élimi;
nated even with a long time heat treatment.

Five systems were chosen for this study. As shown in Figs. l'to‘5.

T1Fe2, HfFe2 and NbEe2

have pin-point solubility. 'Bre?érlo proposed a iargE'SOIUbility‘réhges

have large solubility ranges, and sze2 and Tafe2

for ZrFe,(Zr 28 to 37 at.%) and TaFe, (Ta 26 to 35 at.%).

Figureé 6 to 10 show the microstructures of the material used for
this study. Specimens No. 11 (Nb 23.0 at.%), No. 21 (Ta 27.0 at.%), No.
31 (Ti 25.0 at.%) and No. U1 (2r 23.0 at.%) consisted of two phases
(0-Fe and Laves phase) as shown clearly in the‘ﬁicrostructures. The
difference of microstructures between No. 22 and No. 23 which contain
'the saﬁé amount of tantalum is conéideredvto be due té the differencé_ofv
thevﬁelting pfocesé. Number h2‘(2r 33.0 at.%) seems to have two>dif£e¥

rent phases. However, it is likely to be a purer Laves phase since the
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X—raj diffraction'pattern doeévnot show any distinct'evideﬁce of the exis-
tence of another phase. Speciméns'No;v12_(Nb"33.0wat12), No. 13 (m
42.0 at.%); No. 22 and 23 (both Ta 33.0 at.%), No. 32 (Ti 33.0 A£.%), No.
33 (T1 35.0 at.%) and No. 51 (Hf 33.0 at.%) are considered to be pure
Lavesbpﬁases.' | |

The hardness measurement of the ﬁaterial is given in Table III, and
aisorgraphéd'in'Fig; 11. Yields‘betwéen béfore and after casting were

almost 100%. .Figure 1 shows that the NbFe2

ing from 23.0 to 42.0 at.%. The present work indicates that the minimum

solubility of niobium in NbFe, may be larger than 23.0 at.%. For Fig. 6

2

(a) shows the existence of a fairly large amount of a-Fe. Similarly,

as shown in Fig. 3 the TiFé .Lavés phase has a solubility of 25.0 to 35.0

2

at.%. This work indicates that the iron-rich side of TiFe, is actually

2
larger than 25.0 at.%, which is clearly shown by the microstructure

(Fig. 8(a)).

2. Crystal Structure

The Laves phase are chﬁracterized by £hree crystél>structures, i.e.
MgCu,, cubic C15 type (Fig. 12), MgZn,,, hexagonal C1k type (Fig. 13a, b)
and MgNi,, hexagonal C36‘type (Fig. 13c). |

As’shown in Fig. 12b, Fig. 13a anq'l3b, the.MgCu2 structure consists -
of the atomic layers stacked PQRPQR,_while Mané consists of.those PQ?QPQ.
MgN12 may be regarded as a transition phase between MgCué aﬁd Man2 with
a stacking of PQPRPQPR.

‘The crystal structure, the electron per afom ratio and thé'latticg
parameter of the material fof tﬁis study are given in Table IV. NbFéz,

TaFg

> andITti_-:2 have the hexagonal MgZh2 type structure, while ZrFe2 has

Laves phase has a solubility extend-



the cnbie“hécn2it§pe;' Tpelerysyel{sfguetnpe;ef:Hffeé‘has not:been'defene
mihed'és‘y%t; Hatisen et al! end”w. B. Peereoﬂll‘repéfted:théﬁ”HfFéé"
exhibited a auple* structure of MgZn,, with Mgcue.’ On the other hend,
~ R. P. EilioﬁtlQ:reported'thef'HfFeé showed e‘diffractiOn pafternvisomorphous. o

with the MgNi structure.
The X—ray diffraction patterns of each Laveés phase are shown in
and HfFe were conflrmed to have a

Figs. 14 to 18. NbFeg, TaFe TiFe

2? 2
hexagonal un1t cell structure and ZrFe2 was cublc. A sllght difference
of "a" (interplanar spacing) values 1anFe (Flg. lh) and TiFe, (Flg 16)
between the present work and ASTM data is probably due to the dlfferencev
of niobium and tantalum contents between the two works, i.e. the dlfference-
of lattice parameters. ASTM data originally given by Speich5 is on tne
precipitates'extracted from Fe-1.67 wf.% Nb and Fe-5.8 wt.% Ti alloys,
i.e.,the iron-rich sides of Laves phases. The diffraction patterns of
ZrFe2 (Fig..l7) agreed with that of ASTM. Thbugh'crysfallographie data
for TaFe, has not been descfibed in the ASTM cerd files, the present work
(Fig. 15) shows that it has a hexegonal‘Strneture;:'the fnterplanarwspaCing
valuesvdf vhich are similar to that of TiFee. Figure 18 suggests that HfFea.
has a Manz‘type structure.

R. P. Elliott and W. Rostoker, 1h A. G. Dwight, 15 and V. M. Nevittl6

have discussed in detail the various factors which determine the occurrence

of Laves phase. It is now quite evident that the atomic size and the

€

electron per atom ratio are two major factors for the occurrence of the

15

phase. A. G. Dwight ° showed that Laves phases form in the range of

Goldschnidt radius ratios from 1.06 to 1.65 for the cubic MgCu2 typev

structure, 1.05 to 1.40 for the hexagonal MgZn

, and the hexagonal MgNi,
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type structures, and reportéd“that’the'mdjor factor cbntrdllihg'the'forma-
tioh'bf‘Léves phaéeé is”tﬁé ability §f"tﬁe paftﬁer.eléﬁents %Q dontract

or expand so that the ideal ratlo l 225 is approached. As>shown in Taﬁle
IV, the Goldschmidt radius ratlos of the Laves phases obtained in this.
study satisfy his criterion. ‘

'For the second factgr, Decker et”gll feported that there exists a
distinct-béundary of electron per atom ratio ﬁnder'BLb for the appearance
of Laves phase.

3. Hardmess

The measured hardness is given in Table III, and.graphed in Fig. 11.
As shown in Fig. 11, the hardness of NbFe, |
materials (Hv. 1063). TaFe,, also showed high hardness (Hv. 1010). The

was the highest in all the

hardness of TiFe2 and ZrFea,on the other hand, was relatively low

(Ev. 859 for both). HfFe, showed Hv. 94k3. 1In the Laves phases with IVa
element, the greater the atomic number‘ofhtransition element, the
higher the hardness. The hardness of Va group was much higher than that

of IVa group.

y, Observatlon of the Deformation around the Hardness Indentatlon

The observation of the deformation around the micro Vickers
hardness indentation was carried out by using both the interference-
contrast‘technique with feflectgd light and the scanning eléctron micrée.
scope. FigﬁreS‘IQ ﬁb 23 and Figs..2h to 32 show typical examples to
illustrate‘the deformation around the hardness‘ipdentation obsérved by the
interferenée—contrast'method and the scanning eleéfron microscope, -

respectively.
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" AS shown in the photographs, clear—cut Sllp bands or Sllp llnes could

not be observed around the hardness 1ndentation of all specimens. It is,
vhowever, ev1dent that the types of deformation between NbFe2 and TaFez,:m
for'example, are qulte different It can be sald that relatlve ductility
can be evaluated qualltatlvely from the shape and the length of the de- :
formatlon. If there is no plastlc deformatlon, the ‘hardness’ cannot be

measured.

' The work donelby the hardneSS’testing;'W,'consists:of the three terms,

i.e., the'work“compenSated'in.mahing indentation,bnl,.the work compensated
in other things ralsing the heat for example, ‘3
in this case. When the hardness*of»two specimens are almost the same,'

~ then these W, terms should'not'be different beCausefW, wi and'w3 are the
same. The term'we can'be‘ekpressed’by"the energy terms, i;e;,‘the energy
for crack nucleation, El ard the energy for & crack propaéation,'Eéf E,
consists of the work in‘makingbfree’surfacevwh}-and'the'work spent in
plastic deformation, usi I? Ei{does~not changevmuch'in two.specimens;l‘
the one with short cracks has greater Vs and is actually less brittlecthan
the one with longer cracks. | |

Flrst the cracks observed in NbFe2 started at four corners which

have highest stress concentrat1on, and propagated stralghtly to a length
ofvapproximately 90p. We shall call this type of deformation."A",'
Second, the cracks of TaFe2

as that of NbFez, started mainly at the corners, but their shapes became

» the hardness of which was nearly the same

wavy and their length relatively short (average 38.8u). We shall call this
type "B". And as shown in Figs. 20 and 26, some regions which seemed to

deform plastically were observed. We shall call this type "e", TaFe2

, whlch can be negligible |

©
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- NbFe

~13-

could Bé'moreﬁduétile at room teﬁpéfatufe‘thah-NbFee because of the
shorter crack length.

'stérted’not only at the corners but

Third;_thé_cfacks inv’i'iF‘e2

~ the edges, and became wavier, (type B). Its crack length wgs‘hlh,h The

tYﬁés of deformation observed in ZrFé2 and HfFe2 were quite simiiar.' Both

hadiabout the same crack length, 62u for ZrFeé

and 60y for HfFeé, (type‘
A) and also type C deformation. |
The summary'df‘those obsérvation is given in Table V.

No reports on the plastic défOrmation_of Laves phase at rdom tempera-

ture have been made except a ‘short note on HoZné.3’ D. J. Michel and
E. Ryba conducfed compreésion téSts on HoZn2 at room temperature and

]

‘showed that the specimen after testing revealed considersble cross-twinning

as well as additional other type twins. This was concluded as a direct
evidence for a small amount of localized plastic deformation. ' The same
authors reported in recent workh‘that there was no detectable plastic

deformation since a plot,of'stress against the average strain above the

low stress-low strain region was found to be linear. D. J. MQran2 found

that the compressive ductility of a single crystal of MgCuz began at L450°C

,(O.65T/Tm). The tensile ductility was characterizéd by an abrupt brittle-

ductile transition at 600°c (0.8 T/Tm).

B. _The Effects of Precipitation of NbFe, and TaFe, on the

Mechanical Properties of Fe-1.78 at.% Nb and Fe-1.96 at.% Ta Alloys
Two high hardness Laves phases, NbFe, which deformed (type A) and
TaFe2 (types B and_C) were chosen.‘ The iron-rich side of those phase

diagrams is shown in Fig.>33. No,other,precipitates excépt Laves phases :

2 for Nb2 and'_TaFe2 for Ta2, form in these systems.
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1. Agigg“xihetiés_"‘"’
) ' *5The strﬁcfurés of Nbé;'iie.;'teél,TS ét,%-ub”ailoy aﬁa’iéz,'i.e.;'"
Fe-1.96 aﬁl% Ta"ailoj‘ﬁﬁeﬁbéﬁéhcﬁéd ffomvﬁlphaﬁé.régiénvéOnéiS£éd of
homogéngus’férriterwith a grain éizé of_épout ASTM No. 1 (Fig. 34).
| As;showniin Figs. 35 dnd 36,.the'précipitatidn—hardening behavior
of Nb2. and Ta?2 are quite éimiihf;ekéeptﬁfhat'théahardheés.péaksfof‘Nb2 -
aréLshifted-to-alshortgrvtime.a Agingjat«600°c;17do°c, and. 800°C in
both alloys showed single peaks.. Figure 37 shows'thé miefostfuéturesva
of these alloys whichvcorrespond to.tﬁe‘agipgvpeak‘§£,7009C.k<

Speich5

.who worked on Fe-3.80 wt.% Nb alloy,:reported that precipita-
tion occurs first at grain boundary, then dislocations and finally in the

matrix. The precipitates were found to be plate-like and formed on {110}a.'

2;"”MeCHanicai'PfoperfiéS'of‘?e-l.YB'gt.% Nb aﬁd“Fé-l.Qﬁ at.% Ta AlioYs

As shown in Fig. 37,’b§th all§&évhave m;ssivé'coﬁtinﬁoué precipitates
at’graiﬁ béun&ary, which'areidefriméptalffb'thé"dugtility of the material.
In Ordef to make the massive grain boundary preéipitates-disconffnuous
and spheroidized, the transformation treatment suggested by R. H. Jones17
was employed. Materialé were heated in the Y+Laves phase region, i.e.
 at temperéfures. of 1100°C, 105060 and 10006C, and held for 10 and 60
‘minutes, followed by air cooling.; |

The méchanical properties of these ﬁatefials.are given in Table VI. ¥
Ta2 specimens displayed higher.strength and better ductility than Nb2.
The longe; tﬁe transformatién treéyment'and.the higher the tempergturé:
of the transforﬁafion freatment; thefbéftér the ductility of the speci-

mens. This tendency is evident in TaZ2.
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' f’iFigures‘38 and 39 show the:cptical microstructures of Nb2 and Ta2,.
whichxwere air cooled from iioo?c and'1000°C. Here, the matrix ;ransfdrms
twice, i.e. the ferrite with bcc.structnre first changes to eustenite (with
fece structure), which trensforms again to ferrite (with bee structure) by
slow cooling from the austenite region. ‘.

The morphoiogy cf the precipitates_is shown more cleerly in the
scanning electron microstructure; Fig. 40 for Nb2 aend Fig. 41 for Ta2.
The grain boundary precipitate of 1100°C for 60 minutes tfeatment was
almost completelyﬁspheroidized, while that of 1000°C treatment was only
partially spheroidized. That of 1050°C was the intermediate stage
between these two. Coarsening of the precipitates was more dominant in_
Nb2 then Ta2. . | |

There are no diffusion data‘avéilable for niobium and tantalum in
ifon, buf it is considered that their activation parameters including the |

diffusion coefficient would not differ’mhch due to thebsﬁali difference

‘of atomic radius between the two elements. JFurthermore, es'shown in

Fig. 40 a large number of needle-like precipitates wnich are considered
to be unstable, were observed in the Nb2 specimen of 1000°C, 60 min.
transformation treatment. It turns out that drastic change of morphology
of the precipitate in Nb2 would not be explained simply by the diffusion
theory.v The difference of the matrix-precipitate interface reaction and
the surface energy of the precipitates between the two alloys is thougnt
to play an impoffant role in the transtrmeticn treatment. |

Jonesfet a.l.18 reported the.existence'of a precipitate-free zone
dying adjacent tO'the'gfain boundary'end>adjecent to clusters of dislocation-

nucleated precipitate in aged Fe-1.8 wt.% Nb alloy. As shown in Figs. 40
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and U1, thevdenuded zonédEt"tbé reteined'Gbgreﬁnﬂbounderi is predominent.‘
in Nb2." Figure b2 shows ‘the niobiun change aeross a retained § grain
boundary whiéh'waslanalyZed'continuousiy’with>O.Su steps by an electron
|m1croprobe analyzer (MAC's Model 400). In case of Te2 “the tantaiun
change could not be observed because of the narrow depleted zone.

Figure 43 shows the scannlng electron mlrcographs of the fractured
surface. The fracture of Nb2 occurred at the retained 6 grain boundary.

Figure 43(b) shows a lot of dlmples in the Ta matrlx. Tensile
bepec1mens of Nb2 fractured intergranularly at the retalned Gvgrain

boundary is the main cause of low strength and low ductlllty. Those of

Ta2, on the other hand fractured transgranularly (at the & graln boundary),

resulted in higher elongation and higher reduction of area.

(\)
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SUMMARY AND CONCLUSIONS |
The mechanical propertles of the Laves phase, NbFe2, TaFe2, TiFe2,

ZrFe, and HfFe have been studled by using a micro Vlckefs hardness tester.

€2 2

1. The highest strengths, over Hv. 1000, was obtalned in NbFe2 and

TaFeé; The hardness of T1Fe2 and ZrFe2

showed 1ntermed1ate hardness (Hv. 9h3)

was relatlvely low (Hv. 859).

HEFe, |
2. From-the observation of the deformatlon-afound the‘hardneSS_indenta-

tion, TaFez‘is cOnSideredxto ‘be more ductile than NbFe,. NbFe, deformed

2, ZrFe, and HfFe, appeared to deform '

in more brittle way, while TaFe
| plastically.
The effects of NbFe, and TaFeé‘on.the mechanical properties of the
Fe-1.78 atg%’Nb'and'Fe4l;96 at.% Ta alloys have been inveStigated.

3. By aItransformation”treatnent, continuous grain boundary precipi~
tates canibe sphefoidized;

h. Both the strength and ductility of the Fe-1.96 at.% Ta alloy wvere
 superior to thdse of the Fe-1.78 at!%‘Nb-alioy} Thehformer fractured
transgranularly at the retained G-grain boundaries and the latter fractured
.intergranuiarly; |

5. A remarkable grain houndary denuded zone was observed in the Fe-
1.78 at. % Nb alloy, while not in the Fe—l 96 at.% Te alloy.

6. For future work, an 1nvestigat10n of the thermo-mechanical treatment a
and the heat treatment of b1nary and ternary alloys might be studled in order
to improve the mechanical propertles. The high temperatures properties (oreepf

‘rupture, oxidation, etc.) as well as the room temperature properties in

ternary or quartinary systems would be of-interest;
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TABLE III. Structure and hardhéss_of'the,La#és_phASe -

. .Hardness(Hv)

2

No. Compoéitidn;(at.%)..'Stfucture ; : Rénéé' | " Averdge
11 Nb 23;0‘ . a-Fe 308-390 349.0
o NbFee 582-762 . 672.0
12 Nb 33.0 ~ NbFe, 1051-1097 1076.3
13 Nb L42.0 NbFe,, 1028-1097 1049.0
21 Ta 27.0 . a-Fe 322-472 397.0
TaFeé 685-762. 736.3
22 Ta 33.0 - \-TaFéé '954-1019 - 983.3
23 Ta 33.0 TaFe,, 998-1089_ ©1035,7
31 Ti 25.0  a-Fe 346-501 Lakh.0
| R TiFe, 730-810 T70.7
32 Ti 33.0 TiFe, 792-8L45 821.2°
33 Ti 35.0 TiFe, 845-923 886.4
L1 Zr 23.0 a-Fe - 420-493 L61.1

' (entectic)

ZrFe, ' '§6h-9ho 91k.2
k2 Zr 33.0 ZrFe, - 826-89k 859.3
51 HE 33.0 HfFe 898-982 9k2.9
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TABLE IV Crystal structure, electron—atom ratlo and lattlce parameter
of the- Laves phases.;_,,“u-u : :

—— e — — cn—— - S —————
Laves 'Crystal ‘ Electron ,,“Lattlce Parameter X Goldschmldt Radlus 2
Phase Structure Atom Ratio () ,(K) ' o Ratlo '

Nbi_"“?zaf, ..M&Z'nz 700 L 7,.,4-6.89 “33& 1. 630_'; Ty

TaFe, M'M??§2~j  17.00 B 7,838 ‘h,827. 1.62k '_ : 1;138jj

TrFeé” MgZn, - 6.6 7.76;f’h.j99u_;1;52u; | 1.137

wr ene s . gt L iem
 MgCu¥ 6.67 - - "7;025' S

L

HfFe,  MgZn, ” 5.67 , _' 8.124t*y,978"'1.631i 1.236

wevi, 66T --16;1§7g]y,958_‘vs;ésn*5 B

*1  From "Handbook of Lattice Spac1ng and Structure of Metals and Alloys"1l

' %2 From (7) Radll of Zr and Hf are from (13)
‘?3'vAllotropic modifieation occuring at low temperature
#}  From (7) |

%5 From (12)
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Observatién'of'defbrmation around thé hardness indentdt{ons'
Lavés e Crack length Type of
Observation of Deformation at the corner Deformation
Phase CL T e T :
......... L (u)
NbFe, Long straight cracks at the ~ 159.6-66.4 A
corners ‘ ‘av. 91.2
TaFe, Short wavy cracks mainly at | 30.2-47.3 B and C
the corners av. 38.8 -
TiFe2 Short wavy cracks at the _ v37.5-50;0'v B
corners and the edges . av. 40.8
ZrFe, Long straight cracks at the 57.3~T4.5 A and C
: corners av. 62.2
Plastically deformed region
HfFe2 Long straight cracks at the L4 .3-77.6 A and C
corners av. 60.2
Plastically deformed region =
Type A refers to specimens with long straight cracks at the corners

Type B

Type C

refers to specimens with wavy short cracks both at the corners
and edges.

refers +to specimens which appear to deform plastically.
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TABLE VI. 'Tenéile propert;es of the alloys

Heat .  Yield Tensile

Treatment Stress Strength  Elongation % Reduction

of area %

Material

(°C, min.). 0.2%.psi - . psi

Nb2 1380, 60Wwq  L49,k00 58,800 . 3.2 | 8.8
o 700, 30AC A o
1100, ' 10AC

Nb2 1380, 60WQ 51,700 = 58,300 5.1 33.9
1100, 60AC

Nb2 1380, 6owq k7,700 61,900 . 7.k ' 20.6
700, 30AC E ST
1050, 60AC

Fb2 1380, 60Wwq 42,200 47,200 3.2 11.5
7700, 30AC T S ¥
1000, 60AC

Ta2 1&00,,60WQ | 50,200 69,600 18.9 - 33.9
. 700, Loac I
1100, 10AC

Ta2 1400, 60Wwq 148,600 68,200 - 31.1 68.8
700, 40AC : S N :
1100, 60AC
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FIGURE CAPTIONS
Fig. 1. .Equilibrium phase a;agram; Fe-Nb sysfeﬁ,g‘

 Fig; 2. Eqﬁilibrium phésejdidgram; Fe-Ta system.

@ =

Fig. 3. Equilibrium phase diagram: Fe-Ti system.

Fig. 4. Equilibriumfphése diagram: Fe-Zr system.

O =

Fié. 5. ‘Equilibrium phése diagram: Fe-Hf system.
Fig. 6. Micrograph: (a).Nb 23.0 at.%, (b) Nb 33.0 at. %,
(e) M k2.0 at., 150x |
Fig. 7. Micrograph: (a) Ta 27.0 at.%, (b) Ta 33;0 at. %,
(¢) Ta 33.0 at. %, 150 -
Fig. 8. Micrograph: (a) Ti 25.0 at. %, (b) Ti 33.0 at. %,
(e) T 35.0 at. %, 150x
Fig. 9. Micrograph: (a) Zr 23.0 at. %,_(b)”Zr 33.0 at. %, 150x
Fig. 10. Micrograph: Hf 33.0 at. %, 150%
Fig. 11. Micro Viékers hardenss ofngves-phasés. 
Fig. 12. (a) Crystal structures of MgCu,,
(b) Rows of Mg atoms
Fig. 13. (a) Crystal structure of MgZn,
(b) Rows of Mg atoms in MgZn,
(c) Rows of Mg atoms ih MgN12
Fig.vlh. X-ray diffractioﬁ data fo¥ NbF%2.
Fig. 15. X-ray diffraction data for T;Féé;
Fig. 16. X-ray diffraction data for TiFeé‘
Fig. 17. X-ray diffraction data for ZrFe;i;
Fig.llBg X;ray diffractioﬁ.data for HfFez,
Fig. 19; _Interferenée'micfograph of the hardénss_indentation:

NbFe, (Nb 33.0 at. %), 300 g load, 1000x.



Fig.

Fig.

Fig.

Fig.

Fig.

- Fig.

. Fig.

Fig.

2%,

(a) TaFe (Ta 27 0”‘t %), 100 8 load 800x _

'Interference mlcrograph of théihafa%ﬂésiihaéhtatioh:

'(b) TaFe (Ta 33 o at %), 2000 g load 800x

Interference micrograph of the hardness 1ndentationf

a TiFe (Tl 35. o at %) 300 g load Boox

22,

23.

eh;v'

25."

27.

28.

,gggf

erFe (Zr 33.0 at IR 300 g load eoox'*

iInterference micrograph of the hardness 1ndentat10n:

Interference micrographbof'the hardness,lndentation:

Hfré “(Ht 33. o5a€“n%);‘3oo glload 800%

Scanning electron micrograph of the hardness

(a) NbFe2 (Nb 33 0 at. %), 300 g load 2000x

(b) higher magnification of (a), h000x

Scanning electron micrograph of the hardness

(a) NbFe (Nb ¥2.0 at. %), 500 g load 1000x
”‘(b) hlgher magnification of (a), SOOOXV

26.

Scanning electron micrograph of the hardness

(a) TaFe (Ta 33 o at. %), 300 e load 2ooox

'v(b) higher magnification of (a), SQOOXY-

Scanning electron micrograph of the hardness

1ndentation:

indenfafion:

1ndéhta%i§nf

indentation:

() TaFe,, (Ta 33.0 at. %), 300 g load, 2000x |

(b)‘TaFe (Ta 33 0 at. %), 300 & load, 2ooox

Scanning electron micrograph of the hardness

(a) TiFe, (Ti 25 0 at %) 300 g load, 2000

(b) higher magnification of (a) 10 000x

Scanning electron micrograph of the hardness

‘(a) TlFe (Ti 33. o at 7), 300 g load 2000x

.(b) higher magnificatlonrof (a), hOOOX

1ndenta£ion:

'indentation;



~ Fig.

Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

- Aging kinetics of Nb

-27- N

;_:Scanning electronfmicrbgraphJOf the hardness indentation:

(a) TiFe, (Ti 35.0 st. %), 300 g load, 2000

(b) TiFe, (Ti 35.0 at. %), 300 g load, 2000%

 Scanning eléctfdﬁ micrograph of the hardness indentation:

(é) szé2'(zr 33.0 at. %), 300 g load, 2000x

(b) zrFe, (zr 33.0 at. %), 300 g load, 2000%

Scanning electron micrograph of the hardness indentation:

(é)’HfFeé'(Hf 33.0 ‘at. %), 300 g load, 2000%
(v) HfFe2‘(Hf 33.0 at. %), 300 g load, 2000x
Phase diagrams (iron-rich sides) of Fe-Nb and Fe-Ta systems.

Micrograph: (a) Nbe, solution treated, 200x

(v) Taé, solution treated, 200x

o
Aging kinetics of Ta2.
Scanning electron mfcrﬁgfaph:'(é) Nb2; 700°C‘fbr 30 min., 10,000%,

{b) Ta,, 700°C for 40 min., 10,000%

‘Micrograph: (a) Nb2’ T00°C for 30 min. and 1100°C for 60 min.

AC, 2000x%, (b) Nb2, T00°C for 30 min. AC and 1000°C for 10 min.

AC, 2000%

 Micrograph: (a) Ta,, TO0°C for 40 min, AC.and.llOO°C for
|60 min. AC, 2000% (b) iaz, T00°C for 40 min. AC and 1000°C
‘for 10 min. AC, 2000% . | |
channing electron micrograph of Nbé:

() 700°C for 30 min. AC and 1100°C for.60 min. AC, T000X

(b) 700°C for 30 min. AC and 1050°C for 60 min. AC, T000x

~(e) 700°C for 30 min. AC and 1000°C for 60 min, AC, TO00%



Fig;’hi;

Fig. L2.

Fig.h3.

.' : ..28“_ *

Scannlng electron micrograph of Nb

(a) 700°C for hO min. AC and 1100°C for 60 min. AC 7000X

'(b) 7oo°c for ko min.,Ac and 1oso°c for 60 min. AC, 7000x}

(c) 7oo°c for ho min. AC. and 1ooo°c for 60 mln. AC 7000%

Nloblum change at the grain boundary of Nb (microprobe

"analyzer)

Scanning electron micrographs of the fractured surface

v

; (a) Nba, 7oo°c for 30 mln. AC and llOO°C for 60 min. AC

-100x%, (b) Ta2, 700°C for 40 min. AcC and 1100°C for 60 min.

AC 100x
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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