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ABSTRACT 

The subject of this research program was the kimetic relations 

in various composition fields of the ternary system A.g-Mn-Al over a 

range of temperatures . The purpose of this study was ~o identify 

the ferromagnetic constituent and the source of the high coercive 

force in Silmanal . The r8le of Ag in the reaction kinetics and 

stabilization of the ferromagnetic phase in Silmanal was traced by 

comparative study of phase relations in binary Mn-Al alloys and 

alloys with small additions of Cu or Ni to MnAl . The effect of 

replacement of Al by Sb in Silmanal on the structure and magnetic 

properties was investigated also , 

About 200 x- ray films and a number of diffractometer charts 

were taken from alloys of 15 different compositions in various states 

of heat treatment . Measurements of saturation magnetization, coercive 

force, Curie temperature and Rockwell hardness were made . In addition 

optical and electron micrographs, microprobe analysis and differential 

thermal analysis were carried out to supplement the x-ray analysis . 

The magnetic properti~s in pilmanal are.produced qy a ~emi- . 

coherent precipitate which was found to be of the Llo structure type 

with lattice parameters a = 3,94 ~' c = 3.58 ~ . The phase 
0 0 

precipitates from the supersaturated Ag-mixed crystal below 200°c 
0 and starts to decompose at 250 c,whereupon an Ag-rich p nonmagnetic , 

stable phase with a structure similar to fj-Mn is formed . 
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The rragnetic phase has previously been identified as a polymorph 

of a MnAl compound, but was never found in Silmanal before . The 

kinetic characteristics of this phase in Silmanal are essentially 

different from those in the Mn-Al and Ag-Mn-Al system i~ith low silver 

content , and are in causal relation with the supersaturation of an 

Ag solid solution, 

Substitution of Ag in low-Ag alloys by Cu or Ni results in 

the formation of a ferromagnetic phase of the B2 structure type. 

The energy product , BH , of the Ag5MnSb ~lloy is higher than that 

of Silma.nal and still higher values might be obtained by increasing 

the relative amount of the ferromagnetic constituent. 
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The Ferromagnetic Phase in Silmanal 

and Related Alloys 

1 . INTRODUCTION 

Ever since the pioneering work of Potter (1) on the Ag-Mn-Al 

system in 1931, scientists have been intrigued by the extremely 

high coercive force 1Hc of the alloy Ag5MnAl which with a value of 

6000 Oe happens to be the highest of all known magnetic alloys , 

The presence of a ferromagnetic intermetallic compound in 

Silmanal , an alloy consisting of one diamagnetic and two paramagnetic 

metallic elements refers the phase to an ever increasing interesting 

group of ferromagnetic manganese and chromium compounds . Both these 

elements form ferromagnetic phases with non-metals as well as with 

metalloids and non-ferromagnetic metals , This tendency can be 

explained on the ground of the Heisenberg concept of quantum mechanical 

exchange forces between the electrons of neighbouring ru. toms , The 

exchange forces , negligibly small for wider atomic sepaEtration , 

become effective at a distance of approximately 3,6 ~ ' causing 

parallel alignment of the spi n moments of neighbouring atoms , Gadolinium 

with interatomic distances of 3, 573 R and 3,636 ~ (2) iis the element 

with the widest atomic separation over which positive eexchange forces 

manifest themselves in the parallel coupling of the unssaturated spins 

from the partially filled 4f shells , At these interatoomic distances 

however, the energy of the exchange forces is still smaall and is 

overcome by the energy of thermal vibrations at a ratheer low temperature . 



Thus, the Curie temperature of Gd is low, 290°K. The e.::>cchange energy 

increases with decreasing atomic separation and passes a. maximum for 

a distance of approximately 2. 51 ~ (3) . The ferromagnet.ic element 

with atomic separations closest to this value is Co witt"l de C = 2. 50 ~ o- 0 

(2) and with the highest Curie temperature among the eiements , 

0 = 1400°K. When the energy of interaction is plotted a..gainst the 

ratio 

~ _ 1/2 interatomic distance 
r radius of partially filled subshell 

as in the curve of Bethe (4) , (see Fig, 1) the Curie temperature 0 

of the ferromagnetic elements, on the absolute scale, appears connected 

with it by the relation k0/Z = E ha , where Z is t.he number of exc nge 
nearest neighbors and k is the Boltzmann constant , Si!Tl:ilar curves 

can be drawn for series of intermetallic compounds , and. it appears 

that the interaction energy is slightly dependent on th.e crystal 

structure , If the number of nearest neighbors is not -the same in a 

series of compounds (as it is not the same for the ser:ies of elements 

in Fig, 1) 0 is not exactly proportional to E ha • exc nge Nevertheless 

the curve shows clearly that the energy function crossses the zero 

line for a certain R/r value , Slater (3) calculated tthis ratio to be 

1.50 . The ratio for Mn with 1.47 lies below this valuue which separates 

the ferromagnetic from the non-ferromagnetic transitioon metals, and Mn 

is not ferromagnetic in the pure metallic state. The : ratio is however 

close enough to the critical value that the increase o:of the Mn-Mn 

distances in compounds, where small non-metals like Ni in Mn4N (5) , 
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Pin Mn2P (6) , and Bin MnB (7) become first-order neigghbours of 

rm atoms,is su:fficient to bring it over the critical v&alue and these 

compounds are ferromagnetic . Apparently, even solid sGolution of H 

in the Mn structure is su:fficient to produce slight fe:Brromagnetism (7), 

A great number of intermetallic Mn compounds with cubidc, hexagonal or 

tetragonal structure types are ferromagnetic . The MnAJAl phase will be 

discussed in detail below . Ferromagnetic B8 phases we1ere found in 

compounds with As, Bi , Sb and Sn . MnAs (8) and MnBi a:are of the 

simple B81 structure type where Mn occupies the equivahlent positions 

2a in O,O,O and 0 ,0 , 1/2, Addi tional positions 2d in 1/1/3, 2/3 , 3/4 

and 2/3 , 1/3 , 1/4 are half filled at the Mn rich boundcdary of the 

homogeneity range Mnl+xSb with 0 ~ x ~ 0.5 (9) , and Mnzi2sn (10) is 

of the completely filled B82 type . In the latter syst(tem there is 

another ferromagnetic phase Mn11sn3 (11) of the hexagoronal D019 type . 

A superlattice of the B8 phase was found in the Mn-Ge ~ system as the 

ferromagnetic D88 phase by L. Castelliz (12), 

An interesting group of ferromagnetic compounds aJare the Heusler 

phases, Cu2MnAl has an ordered, face centered 121 typee of structure 

(13) and Cu2MnGa , Cu2Mnrn (14) and the high temperaturcre polymorph of 

Cu2MnSn (11) are isostr4ctural with Cu2MnAl . Castelli~iz (15) found a 

continuous transition from the cubic Cl phase NiMnSb tcto the Heusler 

phase Ni2~1nSb in the course of which a fourth subla tticice wa.s filled 

with Ni . The increase of the Ni concentration is asso~ociated with a 

decrease of the saturation magnetization by more than ) 5afo and a drop 

of the Curie temperature by more than 300°c . From the1e variation of 
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the magnetization and the change of the interatomic disstances in 

connection with the change of the Curie temperature, thhe author 

concluded that Mn-Mn spin exchanges contributed most too the 

ferromagnetism in these compounds and that the Ni-Ni coontribution 

was only small , Subsequently similar Cl and Heusler phhases were 

found where evidence could be given that favourable Mn--Mn distances 

were mainly responsible for the f erromagnetism of the aalloys, even 

in the presence of ferromagnetic elements , They were ffound in the 

systems Cu-rm-Sb and Cu-Ni-Mn-Sb (16) , Ni-Mn-Sn , Co-Mn--Sn and 

Co- Mn-Sb (12) , Ni-Mn-In , Ni-Mn-Ga , Co-Mn-Ga and Pd-Mn-SSb (17) , 

Shortly after the discovery of the original Heusleer phase by 

F, Heusler (18) and before the structure was analyzed bby 0 , Heusler (13) 

and Bradley (19) , H. H. Potter attempted to reproduce tthe structure by 

the replacement of Cu with Ag, The structural analysi~s of the 

Cu2MnAl phase presented major difficulties because of tthe small 

difference between the atomic scattering factors of Mn 1 and Cu. The 

valuable mechanical properties of the Heusler alloys wl'which had 

received wide attention were expected to be retained byby the replacement , 

On substitution Potter found that the maximum intensityty of the 

magnetization arose not at Ag2MnAl but at Ag5MnAl . Figi.g, 2 shows 

Potter ' s results, redrawn to give contours of equal sataturation 

intensity per cubic centimeter, The cross marks the pcposition 

of Ag5MnAl. The maximum intensity of magnetization was.s obtained by 

chill-casting and aging at 250°c for several days . Thehe coercive 

force of this alloy for vanishing intrinsic induction, , 1Hc was large, 
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about 5000 Oe, and not only greater than the values obsserved with 

other alloys , but of a different order of magnitude. AAlthough 

BHc is snall , and consequently the energy product is smmall , the 

alloy is of technical interest and is commercially knovn·m as Silmanal . 

This alloy combines ductile qualities with a resistancee to 

demagnetization of more than ten times that of the strcongest Alnico 

and can be subjected to strong alternating fields withaout loss of 

magnetization (20) . Since Silmanal has a residual ind~uction of only 

6CXJ gauss, the design of a magnet must provide a large~ cross-section 

to length ratio , a requirement which gave rise to a whClole new breed 

of magnet-shapes such as diametrically magnetized wirees and pancake 

magnets. Besides the technical interest, there was anmd still is 

considerable theoretical interest in the specific magnenetic properties 

of the alloy and the structural conditions leading to 1 them. Potter 

could not find the evidence of a second phase . The X-1-ray powder 

pattern taken from the alloy in this magnetic state shchowed only the 

pattern of a s i lver solid solution which could not be n made 

responsible for the occurrence of ferromagnetism. 

Twenty years after the first report about Ag5'1nAl ,l ,A. A. Geisler 

(21) studied the alloy . ·He came to the conclusion thata.t Silmanal is 

a precipitation-hardening alloy rather than an alloy wjwith an ordered 

structure of the Heusler type. Geisler detected two d]different 

precipitates in Silma.nal , but attempts to identify th~he precipitates 

failed, , 
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Petrow and Potemkin (22) investigated the Ag-Mn-All system in 

1957. They constructed the phase diagram of the Ag-ricch section 

of the system by means of IYI'A , XRD, microstructure ana)lysis , 

microhardness tests , magnetic measurement and specific electric 

resistance measurements , They established the existencce of two 

phases in the neighbourhood of Ag5MnA1 , a solid soluticon of Mn 

and Al in Ag and a second phase which they thought to 1be a solid 

solution of Al in rm . On the basis of their results t~he authors 

concluded that the Ag mixed crystals decomposed wherebyy a 

ferromagnetic phase separated as an incoherent precipiltate with 

particle size below the scope of optical resolution anod x-ray 

diffraction , Petrow and Potemkin , supported by the faact that 

permanent magnetic alloys with high coercive force oftEten form solid 

solution precipitates (23) (24) , assumed that the unid(dentified 

decomposition product in its initial stage is a solid ~ solution of 

Al in Mn , 

The most detailed work was carried out in 19.58 by>y E. 0 , Hall (25) 

who introduced electron diffraction work to the study u of Silmanal . 

He established the approximate ternary diagram of the e Ag-Mn-Al 

6 0 0 system at 50 C and 400 C. His investigation showed ti that the magnetic 

alloysof the system lie in the binary field of a-Ag anand~ -Mn and the 

author suggested t~at the ferromagneti c phase is a non-On-equilibrium 

nucleation phase which forms on aging from the supersa~aturated silver 

matrix, grows into a Widmanstatten structure and eventmtually transforms 
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above the Curie point into the equilibrium product f..-MrMn . Attempts to 

extract the ferromagnetic precipitate by electrochemica::al means 

failed , but a carbon replica extraction technique was ~ successfully 

developed . Electron diffraction patterns were obtaineC3d from the 

carbon replica of magnetic and non-magnetic samples. ~The precipitate 
0 of the latter, aged at 400 C, was recognized as predomiLnantly 

consisting of f> -Mn with a0 = 6. 39 R. The precipitate cof a magnetic 

specimen aged at 240°C produced an electron diffractioPn pattern , 

the d-values of which are given in the paper. Calibrai.tion of the 

pattern with evaporated thallium chloride and trial plcotting with 

Bunn charts showed a possibility of indexing the diffr2action rings 

as the diffraction pattern of a primitive hexagonal ce)ll . Hall 

calculated the parameters with a0 = 2 .94 R, c/a = 1.61. and claimed 

the phase , designated ~·, to be the ferromagnetic cons1tituent . 

Apart from the ambiguity with which the solution o~ a diffraction 

pattern with Bunn ' s charts is affected , Hall's resultss on the 

ferromagnetic phase do not appear very satisfactory . It is not 

intended to apply adverse critique to the work of HallL which indeed 

has to be regarded as the most substantial contributioon to the 

knowledge of the kinetics of phase transformation in tthis complex 

system. Only the specific question about the chemicall nature of the 

ferromagnetic phase and its relation to the other phasses of the alloy 

is not answered by the given results, even if the reallity of the ~ 

phase is assumed . This latter point will be discussedd. with the 

results of the present work . 
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From the brief survey of previous studies of Silmananal it is 

apparent that there is much uncertainty about the struc1cture and the 

chemical nature of the ferromagnetic phase in this alloloy . The results 

quoted by different authors are at variance and agreemement exists only 

with regard to the difficulty of this investigation , I It seemed 

however that in all the efforts made so far x-ray diffrfraction was 

not used to its full capacity of detecting small crystatal aggregates , 

An effort in this direction seemed justified not only f for theoretical 

but also for economical reasons , Any attempt to approaoach the valuable 

magnetic properties of Silmanal in a less expensive alllloy can only 

start with the detailed knowledge of the nature of its s ferromagnetic 

constituent . 
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2. EXPERIMENTAL 

2.1 Materials 

High purity silver rod (.5N), manganese flake (4N5)i) , antimony 

shots (5N) supplied by Koch- Light Laboratory Ltd ., Buck:ks , England, 

aluminum (4N8) supplied by Aluminum Company of Canada LLtd. and 

nickel (4N8) and copper (.5N) rod from Johnson Matthey aand Company 

Ltd . were used for the preparation of the evaluated Sillrnanal and 

related alloys . Trial runs for melting and casting andd £or the 

preliminary testing werecarried out with metals of loweer purity, 

2 . 2 Preparation of Samples 

The charge was melted in a recrystallized alumina ~ crucible 

by induction heating in argon gas and then cast in a c~opper mold 

inside a Balzers vacuum melting and casting furnace pow:>wered by a 

Philips high frequency type PH 1012/21 generator . 

Measured amounts of silver, manganese and aluminuJTUm (86.9% Ag, 

8 . 8% Mn and 4 . J% Al) having a total weight of about 25 5 g were placed 

in layers in a crucible . Mn, being the component with h the highest 

melting point , was placed between Ag layers . The bottotom layer was 

formed by silver, and the topmost layer by aluminum. ~ The principle 

of this arrangement was that the aluminum, being first t to melt, 

would flow downwards and react with Mn and Ag thereby r reducing their 

melting temperature , 

One layer of graphite felt was placed around the c crucible 

which in turn was covered by alumina felt for thermal i insulation. 
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The crucible ~.ith the felt was then placed in the waterr cooled 

copper induction coil . The system was evacuated to 1 xx 10-5 mm 

pressure before flushing it with high purity argon gas . • The 

system was then heated to about 400°C and evacuated agaain to 

expel air or gases trapped in the felt , The chamber waas filled 

with argon gas at 0 . 9 atmospheres pressure after a vacuuum of 

-6 5 x 10 mm was attained . The alloy was then melted byy induction 

heating and cast in a split copper mold (1 in . x 1. 7 inn . x 4 in . ) . 
with a 1/4 in , diameter bore of 2 . 5 in. length, The caa.sting 

operation was performed in the chamber by tilting the iinduction 

coil along with the crucible by means of a handle opera·a ted from 

outside. 

A similar procedure was adopted for the preparatic.on of Mn-Al 

binary and Mn- .\1-Ag, Mn-Al- Cu, Mn- Al - Ni and Ag-Mn-Sb te:..ernary 

alloys with the exception that commercially pure argon 1 gas was 

used instead of high purity argon gas . The alloys incbluding 

Silmanal were kept i n the molten condition for as shor-trt a time as 

possible in order to reduce to a minimum the evaporaticion of Mn and 

to prevent the formation of blow-holes . 

Homogenizing 

The cast samples were sealed in silica tubes with .h argon gas 

to minimize evaporation. Direct contact of the sample~es with the 

tube was avoided by placing broken pieces of alumina bebetween the 

sample and the wall of the tube to avoid contamination~n . The sample 

10 



was given a pre-homogenizing treatment at low temperatiture . It was 

then homogenized for at least twelve hours at a temperarature close 

to the solidus line at the given composition and quenchched . 

Alloys were aged at various temperatures . The sam?-mples , either 

in the form of the rod as cast , or rolled to sheets ofof 0. 05 mm 

thickness, or filed and ground to powder of -325 to +2+200 mesh-

size were sealed in vycor tubes with argon gas , Alumimina felt was 

used between sheets when more than one sample was sea~aled in the 

same tube . A box-type muffle furnace with a maximum ti temperature 

fluctuation of + 2°c was used for the aging treatment .it , 

Some of the Silmanal alloys were aged in the magnesnetic field 

of a horse- shoe type permanent magnet with a field stbtrength of 

1700 Oe. A narrow furnace of one inch outside diameteter was built 

to fit inside the space between the poles . It consiststed of an 

insulated heating coil in the form of a spiral tube a1and was placed 

inside a water cooled copper tube of one inch diameteter, The outside 

shell of the furnace had to be cooled during the prococedure in order 

to protect the magnet . The temperature fluctuations s produced by 
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the cooling device were minimized by modifying the tetemperature control 

of the furnace in such a way that a delay relay produduced an overcharge 

during the first three seconds of energization. Withth the aid of this 

arrangement the temperature was controlled to + 2°c ~ in the range 
0 0 between 200 C and 250 C, 



2.3 Chemical Analysis 

The composition of the alloys was determined in thEhe following 

way. About one gram sample was dissolved in 50% nitric c acid. 

Ammonium chloride was then added to separate silver by J precipitation. 

The precipitate was washed, . dried and weighed. Aluminwum was then 

separated by precipitation from the filtrate by ammoniui.um hydroxide . 

The precipitate was dried and then burnt for the determ~mination of 

the amount of aluminum. Extreme care was observed to a avoid the 

precipitation of manganese along with aluminum, by cont1trolling the 

acidity of the solution to pH 6.5. Manganese was thens separated from 

the filtrate by precipitation with the help of ammonium.lm phosphate . 

The accuracy of this method was tested on standard solulutions . The 

deviations were found to be not greater than:!:_ 0 . 2 , :!:_ 0 0 . 7 and:!:_ o.7wt % 
for silver, manganese and aluminum respectively. 

2 . 4 X-ray Investigation 

Powder diffraction photographs were taken in Strai.auma.nis-type 

powder-diffraction cameras with nominal diameters of 11114. 6 mm, using 

Kodak no-screen medical x-ray type film . The x-ray gerenerators were 

Philips PW 1009 and PW 1010 /30 with hot-cathode tubes . • Filtered 

characteristic K radiations from cobalt and copper tarErget were used, 

depending on the composition of the individual samples .s . 

A Norelco vertical- scan diffractometer was used fc:f'or quantitative 

analysis . A proportional counter and a pulse-heieht aranalyzer permitted 

an optimum adjustment of the peak-to-background ratio , • Slits of 
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dif'f erent angular widths W4de accessible a range of 29 v values from 

10° to 162° without distorting the dif'fracted intensity . y. The 

circuitry associated with the dif'fractorneter made it posossible to 

record the diffraction patterns on a strip chart or to a accumulate 

counts for predetermined times , 

Powder Photography 

Extreme care was observed during the preparation ojof the powder 

samples to avoid contamination, The test samples were ~ prepared by 

filing a~d grinding to pass 325 mesh, The dif'fraction n lines were 

measured with a device equipped with a vernier reading ·g to 1/50 mm. 

The Bragg angles were corrected for the actual length Ol of the film , 

The final lattice parameters were found by the use of t' the Nelson-Riley 

function , 

X-ray Diffractornetry 

Diffractometry (using powder or sheet samples) was1as used for the 

identif'ication of phases and for the quantitative deterternination of 

intensities , The counter technique permitted integrateated intensities 

to be measured more accurately than is possible with th the photographic 

method since it does not depend on the film characterisristics and the 

processing, and the specimen area from which the dif'frafracted intensity 

is obtained is larger, thus resulting in a better aver~eraging . 

The powder samples were prepared either by pressinsing the powder 

(-325 mesh) into the shallow counterbore of a one inch1ch diameter 

aluminum slug or by placing a paste made by mixing the the powder with 
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a little silicone grease into the shallow counterbore ofof a lucite 

slug. The sheet samples were firmly placed on the lucitite slug 

with a small amount of silicone grease. 

The base and the channel width of the pulse-height t analyzer 

were adjusted to an optimum peak- to-background ratio witith the aid 

of an energy distribution scan for the strongest peak ofof the 

diffraction pattern , 

The individual integrated intensities were obtainedcd by counting 

while scanning at 1/8° (20)/min. across the peak, allow:h1ing for 

generous portions of background on both sides of the peeeak . A 

suitable background count would then be subtracted from>m the total 

count, assuming linearity of the variation of the backg:i::ground 

intensity under the peak. The counting was repeated ttu.hree times 

for each peak, aiming at reduction of the spread below y 5%. 

2. 5 Magnetic Measurements 

Hystereses Loop 

A "Four-Inch" Varian electromagnet model V-4004 wi with a model 

V-23CXJA power supply and a model V- 2301 current regulat.ator supplied 

the magnetic field in which the measurements were carri:-ried out. The 

field was calibrated as a function of current , pole disiistance and 

the distance from the central line connecting the pole le caps by means 
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of a Bell 640 Incre:::ental Gaussmeter and a Probe Hodeldel T6001. The 

changes of the magnetic induction by changes of the ~agMa.gnetic field were 

:iz.eg·istered by a Leeds and Northrup ballistic galvanometmeter type H.S. The 



characteristic sensitivity of 0 . 003 microcoulomb per mmn at one 

meter distance and a period of 25 seconds were specif ie<Bd for this 

galvanometer. The deflections were measured on a curveeed scale of 

1 m radius . 

The specific magnetic properties of Silmanal , a ve1ery high 

coercive force 1Hc = 6000 Oe combi ned with a low saturatation 

magnetization 4rrI 880 gauss produced experimental diiifficulties . 
s 

The saturation field strength lay between 16000 and 2000000 Oe and 

consequently, a field change of several thousands of oe)ersted 

produced only a small change of the magnetization and h·hence only a 

sf'la.11 deviation of the galvanometer mirror. In order t •to increase 

the sensitivity of the measuring device the pole distan~nce ha.d to be 

kept as s~All as possible and the number of windings on~n the pick-up 

coil had to be made as great as possible . The effect o of the field 

changes on the pick-up coil was compensated by a secondnd coil of 

equal geometric dimensions wound in the opposite sense e and mounted 

as close as possible to the sample coi l . 

The e~perimental procedure was as fol lows . The sasamples were 

machined to rods of 10 mm length and 3 mm diameter and id placed in 

the pick-up coil . The latter consisted of a plastic SI Spool with 3 mm 

inside diameter wound with 320 turns of 36 gauge enamelnelled copper 

wire . The compensating coil was prepared in the same ~ way , The two 

coils were mounted side by side on a perspex stand rig~gidly fixed to 

the base plate of the magnet . This arrangement secureered the position 
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of the sa.r:iple in the center of the 11 mm pole distance . The 

arrangement is shown in Fig. 3. Ideal compensation was ' very 

difficult to obtain. Minute differences in the mode of l winding 

and in the position of the exit wires of the two coils w:with respect 

to the field lines easily offset the balance . Theref ore:e, 

a third coil with a few turns was connected in series wirith the 

sample coil and mounted above the central line of the twtwin coils with 

its plane parallel to the field lines (see Fig. Ja) . Thl'he final 

adjustment was provided by a slight rotation of the auxixiliary coil . 

The galvanometer had to be carefully shielded from m the direct 

influence of the field . It was placed at a distance of f approximately 

eight feet from the magnet and the extension wires were e braided to 

compensate stray fields . 

The measurements were carried out in the following g way. The 

sample was saturated in a field of 20 , 000 Oe, obtained v. with 3 inch 

polecaps at a distance of 11 mm. The galvanometer circrcuit was open 

during the process of saturati on . The field was then sEset at a given 

value with the aid of the current regulation, and the 6: ~I = I t - I 1 sa • 

produced in the sample by a 6H = H t - H_ was measured , l. In this sa • --i 

canner the individual point of the hysteresis loop from)m +H t through sa • 

H = 0 to - H t were found and the curves constructed . • 
sa • 

The apparatus was calibrated for absolute I valueues with a 

specinen of pure nickel of identical dimension~, the sasatu_-.-a.tion 

oagnetization of which was takenas 500 gauss . 
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Curie Temperature 

A makeshift ar~angement composed of equipment availalable in the 

Departr.:ents of Mineral Engineering and Chemical Engineerering was 

used for the Curie point measurements . 

Samples of about 6 nun diameter and 20 mm length werere used for 

the Curie point measurements. The top end of the samplele was slightly 

tapered to prevent it from hitting the coil when ascendiding. 

The specimen was saturated in the Varian magnet at 2000000 Oe and 

fitted into the upper end of a silica tube by means of a a teflon 

sleeve as shown in the sketch below. 

(a) Therm1rmocouple Sheath 

I (b) Pick-~k-up Coil 

~!~ 
( c) Samplnple 
(d) Teflo:lon Sleeve 

,___.. ( e) Furnarnace 
e (f) Silict.ica Tube 

(g) Base >e 

J 



The silica tube was fixed rigidly to the vibrating platfotform of a 

fatigue machine (Fig. 4a). A pick-up coil with 200 turnsrns of teflon 

coated 32 gauge copper wire was wound on a teflon spool al and connected 

with an Ana.lab Dual-Trace Oscilloscope, Type 1120 . The :i:e position of 

the coil with regard to the sample was adjusted in such ah a way that 

the end of the sample stayed about the central position 01 of the coil, 

whereby the coil received the maximum effect of the chan@.nge of flux 

lines produced by the vibrating specimen . The frequencycy of 

oscillation of the fatigue machine and the amplification.on of the 

oscilloscope were adjusted to give a clear and well obsobservable 

sine signal on the screen. Heating of the specimen was as accomplished 

by means of a noninductively wound tube furnace fixed to to the 

stationary pa.rt of the fatigue machine. The pick-up coi!oil was 

fitted on the tip of the rigid thermocouple sheath and ii inserted 

in the furnace close to the vibrating specimen. The the~hermocouple 

sheath was clamped to the adjustable upper platform of t~ the fatigue 

machine so that the height of the coil could be convenie1iently chosen 

as needed. 

The Curie tempera~ure was noted when the curve dec1ecreased suddenly 

or disappeared. An additional thermocouple which was to touching 

the sample was used to record the Curie temperature morrore accurately 

by a potentiometer. 
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2.6 Hardness Measurements 

Silmanal samples of 6 mm diameter and 6 mm length wE were used 

for the hardness measurements performed by a Rockwell ha·hardness tester . 

One- sixteenth inch diameter indenter at 100 kg load was ts used to 

get the hardness on the B- scale, 

Considering the fact that the precipitated phases ii in Silmanal 

are extremely small and the sample is polycrystalline , t' the results 

of macrohardness tests were considered as a more realist.stic 

representation of the physical characteristics of the alalloys than 

that of microhardness tests . 

2 , 7 Netallographic Examination 

Silmanal samples for microscopic examination were IE prepared by 

polishing with diamond pastes of different grades (6, 1, 1, and 0 . 25 

micron) . The final surface was prepared by polishing wi with 0 .05 

micron alumina powder, followed by etching in five percercent potassilll'l 

cyanide-ammonium persulphate solution or acid ferric ch]chloride . 

The preparation of these samples was very tedious, s, because of 

the presence of hard precipitates in a soft silver ma.tr:trix . Despite 

extreme care a certain amount of pitting could not be a~ avoided, 

Polished sections of the other alloys, binary Mn-Al-Al or with 

sna.11 concentration of Ag, Cu or Ni, were easily preparec.red as the 

hardness was more uniform over the entire specimen , 
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2.8 Electron Microscopy 

A Philips EM )00 electron microscope was used to stt study the 

structure of Silmanal precipitate by the following methochods : 

(a) Transmission electron microscopy 

(b) Extraction replica method 

(c) Magnetic colloid method 

Thinning of Samples for Electron Transmission Technique ~ 

Attempts to prepare specimens for electron transmisnission studies 

were most disappointing, Several methods of thinning we were tried 

without much success . They are compiled in a list on pa page 21. 

Specimens used for thinning were sheets of 1 to 3 thou tu thickness , 

Carbon Replica 

The surface of Silmanal samples was prepared by ligr.ight etching 

in 5% potassium cyanide-ammoniwnpersulphate solution . ! The surface 

contamination was eliminated by the use of an acetycellullulose film. 

The film was deposited on the surface wetted with methylhyl acetate 

and then stripped after drying ( 29) • A carbon film was 1as then 

deposited on the clean surface . After a second etch thEthe carbon 

replica film was separated by stripping, using a backin~ing layer of 

Duco cement as a support. The sanple was cut to the recrequired size 

and the Duco cenent was re~oved by ethyl acetate . 
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Process 

l , chemical thinning 

2. electro-chemical thinning 
a) disa electropolishing 

b) Bollf:'l.an 
electro thinning (26) 

c) electro-chemical jet 
after Hugo and 
Phillips (27) 

d) modified window after 
Glen and Raley (28) 

e) 

f) 

Solution 

20% nitric acid 

bu~ylcellosolve 50 ml 
ethanol 350 ml 
perchloric acid 40 ml 
water (;/J ml 

ethyl alcohol 80% 
perchloric acid 20% 

20% nitric acid 

KCN 17 g 
K-f errocyanide J ,75 
K-tartarate J . 7J 
phosphoric acid J , 5 
ammonia 1.0 
water 250 

g 
g 
ml l 
mll 
mll 

chromic oxide 150 g 
glacial acetic 

acid 750 mll 
water JO mll 
solution was heated at 

65 ,.. one hour under 
constant stirring 

80% absolute alcohol 
20% perchloric acid 

21 

Condition 

room temperature 

20- JO volts 
room temperature 

room temperature 
10-20 volts 

room temperature 

6-8 volts 
room temperature 
stainless 
s . cathode 

room temperature 
10-12 volts 

-J0°C 
10-20 volts 

Only L!ethod f produced a specimen which was, at least i in a srall area, 
thin enough for electron transmission , With the other ~ nethods the 
sheets became perforated long before the necessary thicickness reduction 
was obtained . 



The Dried Colloid Technique 

The dried film method suitable for recording static,ic do~ain 

pattern ·,;as used in an attempt to reveal :ferromagnetic de domain pattern 

in sor.e of the alloys . 

The magnetic precipitate , colloid magnetite , was pr•prepared by a 

method described by Elmore (JO) . The precipitate was ad1added to 

O. lN HCl. When it was peptized to form a dense colloid , id , a solution 

of celacol was added to bring the final concentration of of magnetic 

colloid to a value of between 0.5 and 1%. Finally glyceycerine in an 

au:ount of approxima. tely 10 ;-:t % of celacol was nixed in tin to the 

liquid . Then the colloid was dialyzed against distilled.led water 

t~ough a cellophane me~brane to remove the excess chlonlorine, filtered 

and diluted until a deep amber color was obtained . 

2.9 Differential Thermal Analysis (DTA) 

Po;:der samples fron quenched alloys were examined bd by a Del ta there 

~'.od.el d2000-16 analyzer in a temperature range from roo~oom temperature 

t .500oc . up o The heating r~te was i2°c per minute . ThEThe instrument 

had four channels which allowed the recording of two du] duplicate 

samples at the same time . 
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3. RESULTS AND DISCUSSION 

3. 1 Phase Relation in the Binary Mn-Al System in the VicVicinity of MnAl 

In the early stage of the work some of the x-ray filfilms taken 

from Silrr:anal aged at 240°C sho•.:ed, besides the lines of of the Ag-matrix , 

one faint line which could be interpreted as the stronge~gest line of a 

phase which was quoted by Kono as one of the MnAl polymo1morphs . 

Horoshi Kono (31) reported in the Journal of the Phj'hysical Society 

of Japan in 1958 that a metastable ferromagnetic phase if is formed when 

the loose- packed hexagonal h- pha.se of a Mn-Al alloy with th approximately 

55 at% !·in is cooled from 950°c to room temperature , andnd a cooling 

rate of 10°C/s is maintained in the region of approximatately 800°C . 

The Curie te~perature of this phase is about 380°c . Thinis metastable 

phase has a tetragonal structure with parameters of a = = 3. 94 R and 
0 

c = 3 , 58 ~ . Only an alloy with 55.1 at% Mn was hornogeigeneous after 
0 

cooling, containing just the ferromagnetic phase . 

In alloys with higher Mn content jJ-Mn was present b· besides the 

ferromagnetic phase . In alloys with higher Al content 1 lines of 

another phase, the product of a eutectic reaction occurrrring at 8l:.0°C , 
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were observed besides the pattern of the ferromagnetic p phase , Structural 

analysis of the latter phase was quoted by Kono to be didifficult and 

no diffraction lines were given. In 19c0 Koch et al (3232) claimed 

the discovery of a new metastable phase of a tetragonal .l structure in 

the Mn-Al system and called it '2::-phase , It has the appr•proxima te 

coin.position Hnl.11A10 •89 and can only be obtained by cooooling the 
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sample from 825°c to &YJ0 c at a critical rate of approxioximately J0°C/s . 

The lattice parameters of this phase were given as a = = 2. 77 ~ and 
0 I 

c 3, 57 ~ . 
0 

There i s little doubt that the phase reported by Kq Koch et al. is 

identical with Keno ' s phase, but referred to a smaller ur unit cell , 

Betl:een the parameters of the two cells the relations e.s exist : 

~och = 1/'{2 ~ono and cKoch = cKono ' thus the a -axis o~ of Koch ' s 

b , c , tetragonal cell is equal to half of the base diagoagonal of Kono ' s 

f , c , tetragonal cell . Koch et al , assumed that Al and nd the excess of 

Mn over Al occupy the 1/2, 1/2, 1/2 lattice positions bs but did not do 

quantitative structure analysis , The standardized relaelative intensities 

of the phase reported in ASTI-i card 11- 520 do not agree ee with the 

intensities given in the original paper of Kono , 

The occurrence of the tetragonal phase in f·in-Al al alloys at about 

the composition Mn Al was studi ed using the heat treatrratnent which, 

according to previous i nvestigations (1 , 21) provided td the optimum 

magnetic properties in Silmanal . Results of this stud)Udy are given 

in ~ables 1 to 5 , In Table 1 the effect of the quenchiching and aging 

temperatures on the phase relations of alloys with slielightly different 

compositions, and the correlation between the structur~ural state on the 

one hand and the rAgnetic and r-echanical properties of of the alloys on the 

other hand, are shown . The T-phase was obtained in al: all air- quenched 

samples regardless of the slight difference in the Mn rln concentration , None o! 
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the alloys was hor.ogeneous , containin5 't-phase only, bubut the h-phasc 

was always present, although in a very small quant.i y . This indicates 

thci t in the Silmanal treatment the temperature range in in •:hich the 

h- phase of the binary alloy decomposes is passed so fas .. ast that the 

decomposition is not completed , The relative intensitiLties of the /3-l'm 

phase depended on composition and quenching temperatureures , bu showed 

no dis .,,inct correlation with the aging temperatures , T The only x-ray 

specinen gi·.rin6 "t-phase only was the magnetic fraction on of sample 3 

which was separated fror:i the powdered (250 mesh) sampleple by an alnico 

ragnet . Table 1 shows that the ferromagnetic const.i tuetuent is 

unanbiguously the 'l-phase . The table also demonstratesies that alloys 

contai1ing't-p~ase are resistent to i~pact in spite of of the presence 

of the brittle fJ-~';n phase , 

Estil"' ted intens.:.1.i es and interplanar spacings of of the x-ray 

reflections, given by the three phases of sample 7 listi.sted in Table 1 , 

are shown in Table 2 , together with the relative intemcnsi ties according 

to the ASTM cards . That a relation exists between the he structure of r 

and h phases becomes evident by the coincidence of two.wo strong reflections 

di-(111) 

dt(201) 

Another coinc.:.dence of reflections ms occurs with dh(002) ' 

dB- :m(321) • 
In ~ables 3, 4 and 5 the experimental d-values of of 'L'-phase, 

h- phase ar. ~ {3-\r.- phase are compared with the values of of the respective 

AST:· cards , Whereas the experir:cntal spacings ir. the he : .irst t;;o phases 

are very close t-0 Kono ' s values cor.piled in the cards , ds 1 the spacings 
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in fe-Mn ref er to a cell axis which is greater by approx:bxima tely 2% 

than the values given for pure. B-Mn . The following valulues are all 

converted to angstroms , 

a of {3-Mn in ~ 
0 

6. )018 

6, 3036 

6,314 + 

6, 313 

6.426 

6,388 

Heference 

ASTM No , 1-1234, Zwickexer et al. (1949) 

Pears?n (loc , cit . ) , pgpg . 735 

Johannsen and Nitka (19'.1-938) 

Pearson (loc , cit . ) Tabable 7 
Barrett (33) 

Present work for Mn1 • 25 25Al 

Present work for MnAl 

Solid solution of Al in {3-Mn increases the la tticece constant of 

p-r.n. Data from Zwicker (1951) are given in Pearson (1 ( loc. cit , ) 

according to ,:hich a solid solution of 18. 4 at % Al inc ncreascd the 

lattice parameter to 6. 383 ~ ' which is still lower thanan the values 

obtained in the present work. The value obtained by BrBradley and 

Jones (34) was however very close to the value in the p present .:ork . 

The lattice constant of the solid solution of Al in ft-r/3-.~ ~as determined 

by them to be 6.41 ~ . From this value , usei in conjunanction with 

\iegards law , they determined the approximate percentagage of Al to be 

25 at%. Lower a values for ,8-f.'n uere found in stoioichionetr.:..ca:ly 
0 

prepared AlMn , 

3,2 Ph~se Relation in Silrnanal 

Powder Soecimens 

The analysis of the structure of the ferromagneti~~:i..c phase in 

Silmnal ~.;as the r:ost important part of this worY. and d a great deal 



of time r:as spent developing the most suitable procedurc , :c, The task 

was to find evidence of the structure of a probably fine-1e-grained 

precipitate which was stable in a narrow temperature rangtnge only 

and which was always accompanied by the silver matrix andi.nd at least 

one other phase . 

The preparation and heat-treatment of the x-ray specpecimens 

and the final choice of the x-ray procedure were carefulJully trlcd 

out , Although it would have been preferred to apply the he aging 

treatment to the homogenized and quenched bulk sample, ii in a great 

r..any cases it was necessary to perform the aging on samp:i.mple filings . 

This necessity occurred when samples were investig""ted tB. that were 

aged below 300°c , In order to relieve the stress introd~oduced during 
0 filing the samples had to be treated at JOO C for five he hours , 

Annealing at this temperature following an aging treatmetment at 240°c 

arcriihllated, of course , the specific effect of the lowerwer temperature , 
0 Annealing at 220 C over a period of one week did not strstress relieve 

the filings sufficiently to produce sharp diffraction li lines , The 

general procedure which was followed when the precipitattation below 

300°c was studied was to prepare filings from the quencmchcd rod and 

perform simultaneously aging and stress relief of the x- x-ray specimens 

in an argon filled pyrcx tube at controlled temperature ,_e , 

Mo , Cu, Co and Fe radiations were investigated witl:ith regard to 

the detectibility of the weak lines of the precipitated.ed phase, It 

~as :ound that o: the latter three sources CuKa radiatiation produced 

the best contrast in spite of the slightly higher backgckground 
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originating in the fluorescent radiation from Mn, and mormore lines 

could be detected , Mo radiation did not provide sufficie:cient resolution 

of closely spaced lines belonging to different phases. S Small camera 

films were used for an initial information but the filns ms designed to 

be measured were taken in 11.4 cm cameras . After many tr trials an 

exposure time of 12 to 15 hours , with the high voltage re reduced to 

)4 KV and overdeveloping of the film in a weak developer ,>er, produced 

the m:i.ximum number of lines of the precipitates , In thi$his way at 

least five reflections could be detected and identified ad as belonging 

to the "t'-phase of the l·in-Al system which has been discus~ussed in the 

preceding section , At the beginning of the work when th•the films were 

exposed 5 hours , only (111) , the strongest reflection of of the 

pattern was faintly discernible from the background , Si· Since however 

with this exposure ti~e the lines of the Ag matrix appeapeared nearly 

solarized, it is understandable that previous investigatgators of 

Silrnanal did not attempt to experiment with still longerger exposure 

times . It was, in fact , the perfect agreement of the fa faint (111) 

line with the strongest line of Kono ' s MnAl phase which .ch deterr.ined 

the direction of the present investigation , 

In Table 6 the cor:plete x-ray pattern of an Ag5MnA]nAl alloy 

0 aged at 240 C is given . The actual composition of the se sample as 

fou~d by chemical analysis , with 86.82 for Ag, 8 , 78 for'or Hn and 4 . 40 
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for Al , given in r;t %, compared very well with the nor:iinminal conpositior. 

86.9 , 8 .8 and 4 ,J wt% respectively. This good agreemeDment ·,;as 



representative for all analyzed Silmanal specimens when t the casting 

and homogenizing was carried out in argon under approxima.mately 

atmospheric pressure. Trio phases could be identified beses.i.des the 

Ag r:atrix . The ;>-Mn phase is represented with at least f :five 

reflections with rel~tive intensities down to I/I = 20 , • Although 0 

there is a coincidence of the (310) reflection wi~h the ( ( 200) of Ag 

the presence of the weaker reflections of this phase lea\a.VC no doubt 

about its contribution to the diffraction line with d = ~ 2 , 0370 ~ . 

The tetragonal phase of the Mn-Al system is also represer.ented Hi th 

at least five reflections , one of them coinciding with(; (222) of Ag. 

Another reflection (201) is overlapping with the (321) o: of'.8 -l!n 

and there is no way of esti~ating the relative contributution of each 

of the two phases to the reflection with d = 1 , 718 ~ . A According to 

the relative intensities calculated by Kono the (201) rereflection of 

the 't'-·phase would hardly become recognizable , HoHever K Kono , when 
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calculating the intensities on the basis of a "CuAu typepe superstructure", 

which apparently is to be understood as the 110 
CuAu I structure 

type , had to make an additional assumption about the la ta. ttice positions 

of the excess Hn atores in the co!'lpound . He assumed thata.t the excess 

Mn is substituting for kl. The equivalent lattice posititions taken 

up by the elements of the conpour.d Hnl. 23Al = Nnl. ll) ( 1' ( Nn0 , 115Al) , 

or, referred to the 4 ator;s in the cell , Mn2 (Mn0 , 103Alflo .B97) 2 could 

then be given as 



0 .897 AlI in 1 a O, O, 0 

0 .897 AlII in 1 c 1/2, 1/2, 0 f o for assumption I 

2 Hn in 2 a 0 , 1/2, 1/2 ; 1/2, O, 1/2 

0 , 103 loin either distributed statistically over :Br 1 a and 1 c 

or preferentially occupying positions in every second la~layer of 

Al ator:s , 

Another possibility would be a solid solution with a:.h a defect 

structure with vacant Al sites , F.quivalent positions taJtaken up by 

the ele~ents of the compound Hnl. 23Al = MnA10, 81 would bd be as 

f ollor;s : 

0 ,81 All in 1 a 

0 ,81 All! in 1 c for assumpti~tion II 

2 Mn in 2 c 

A calculation of the structure a~plitude of the (20(201) reflection 

under assu~ption I and assunption II leads to an intensinsity ratio of 

III/1
1 

= 2.4. The possibilities for accommodating the ee excess Vin are 

of course not exhausted wi th these two assumptions , althlthough they 

might be the most probable ones, and an i nterstitial sol solid 

solution is excluded because of the a tornic radius of Hn Mn being only 

some 2o;b sraller than the Al radius , However what rr.attatters for the 
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present discussio;. i s the fact that the calculated rela131ative intensi:.ies 

turn out differently for different assuoptions, since i"B it will be o!lly 

the reflections "ith mixed indices the intensities of wlf ;1hich are 

affected by the relative distr:'...bution of Mn and Al ato~tor:is over t~e 
. 

lattice sites , 



Fron the above discussion it might become sufficientntly evident 

that the experimental intensity of the (201) reflection m might be 

higher than the value calculated by Kono and that the t"·-p·-pmse will 

therefore contribute to the experinental line with d = 1 . l . 718 ~ . 
'lnis would increase the nunber of '<:"-phase reflections ide.dentified 

in the Silmanal alloy aged at 240°C to six . It should be be stressed 

however that the evidence for the ·r-phase in Silmanal dodoes not 

depend on the acceptance or rejection of a weak line as GS a line 

belongine to the structure. The evidence is rather give1ven by the 

presence of all the lines with indices all even or all oc.. odd, with 

the exception of (002) and (220) for which Kono calculatlated 

the relative intensities with 1:.,. , 5 and 17 respectively . y . In powde::?:' 

patterns of Si1Jll3.nal alloys aged at lower temperatures os or treated in 

a special way ~ven nore lines of the.z-- phase could be id identified and 

this ;:ill be discussed. further below. 

The lattice constant of the Ag mixed crystal in thethe alloy of 
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Table 6 was determined by Nelson- Riley extrapolation to to be a0 = 4 ,0796 ~ 
which was lmrnr than that of pure Ag. Still lower valua.lucs were found 

in Silrnanal aged at higher temperatures . The iroplicatiation of the heat 

treat~ent on the solid solution of Mn or Al in Ag, as rs revealed by 

the lattice paraneter of the latter, will be discussed. r~ with Ta~le 8 

below . 

In addition to the three phases identified in Tablab1e 6 a si:a.11 

ar:::ount of the hexagon~l h-phase ~ight be present in thethe Silrna.nal 



alloy. Since two of the strongest reflections of this pho prase with 

I/I = 100, d = 2.05 ~ and I/I = 80, d = 2.JJ ~ are very•ery c.;lose to 
0 0 

the heavily solarized Ag lines and a third' one with I/I II 80 and 
0 0 

d = 2 . 19 ~ i s coinciding with the (111) of the<:: - phase tre their presence 

r.ay not be entirely excluded. However no trace is found md of several 

clearly separated reflections with I/I = 50 . 
0 

In Table 7 the relative abundance of z:- and }3-Mn pha::phases is 

given, as estimated from the intensities and number of l:if lines 

representing the two phases in the pohder patterns of SiJ Silmanal 

alloys aged at various temperatures . The precipitation rnn of the 

tetragonal phase was predominant for aging temperatures tes below 

240°c producing the (HO) reflection with d = 2. 77 ~ addadditlonal to 

the lines given in Table 6. It was approximately equal lal to that 

0 0 of fl - Mn at 240 C and 250 C 1 and the precipitate disappea,peared at 

0 
te~peratures of and above 260 C, In powder patterns tak taken from 

samples i n the quenched state no trace of the <::- phase coe could be 

detected but P, - iill ;;as represented by one very weak line ,ine , All 

sanples in ;;hich z - phase could be traced were found to 'tto be ferro-

;.agnet.i.c by a qualitative test . Aging performed in a rraa na.gnet.i.c 

field of 1700 Oe for 168 hours had no influence on the 1he prec:'...pitation 

of the tetragonal phase , The effect of a double heat tit treatcent on 

the ph3.se relations was also investigated and the resulisults are 

shown for the last two speci ens in Table 7. As expectoected , neither 

was the't; - phase when precip:'...tated at lower te peratures.ires preserved 

after subsequent aging at 400°c , nor could the effect o:t of the 

J2 



higher aging te .. perature be reversed by subsequent treatcatment of 

240°C . 

The results of the aging experiments given in Tableble 7 might be 

interpreted in the following ~anncr . The 'L-phase precipcipitates in a 

tenperature interval betueen 200°C (or slightly lower) a) and 250°c 

and redissolves at h~gher temperatures . Changes in the he lattice 

para~eters and the relative intensities of the phases wt which rer...ain 

stable after the disappearance of the"[-phase could giv~ive information 

about the manner in Khich the phase is consumed. The ac accuracy with 

which the lines of the p-Mn phase could be measured was •as high enough 

~o calculate the d-values o~ i li.:dual reflectio!15up to to the third 

decimal. 1.!ithin this accuracy no change in a up to 2~ 240°c , but an 
0 

0 increase of a between 240 and JOO C could be detected :!cl. together with 
0 

an increase of the intensities of the /J-i'in reflections 1s relative to 

the Ag reflections . They increased by a factor of thre1ree as can be 

seen from the ::.is~ below r;heYe the intensities measure.ired on 

diffractoneter charts are compared . 

Silu.anal sheet samples aged for 7 days . 

Aging Temp , 

T0c 

Relative Intensity y 

240 

JOv 

Ag (200) 

40 

J8 

{3-V.n (JlO)l.O) 

1 

3 

3:3 

The lattice constant of the Ag mixed crystal , on ~n the other ~nd, 

dcfinhely decreased in the critical ter.ipcrature i:iter':.erval in ~rhich 



the "(-phase disappeared . This is shown in Table 8 . TheThe lattice 

constant for the pure silver netal a 0 = 4.0863 ~. which ch is in very 

good agreement with the AST:·: datUI'I and the value of Pearearson 

(loc . cit . ) , see~ed to be lowered in the quenched state, te , but could 

not be raeasured accurately. It assumed a value of 4.071)796 ~ after 

0 aging at 240 C and decreased at the higher aging temperaerature by 

approximately 0.1%. The Ag lattice tolerates substantiatial amounts 

of Al or Mn in solid solution whereby, according to Pearearson , the 
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lattice constant decreases linearly with increasing Al 'l concentration 

at a rate o: 0,0013 ~ per 0 ,01 mole fraction replacemen1ent , The effect 

of Mn on the Ag pa.ra~eter is much more complex . The aA
1
aAg increases 

with the Mn concentration up to a raxinum of 4.0863 ~ f~ for 

5 at % Mn from which point it decreases slowly , passinging the 

value of pure Ag, 4.0860 R, at 15 at % !·!n . A sharp desdescent betwee!"l 

15 and 19 at % Mn brings the a value of the latter conconcentration 
0 

down to 4.083
8 

~ and is followed by a much slower and l\d linear 

descent which terminates with 4.0790 ~ at the Mn- rich ph phase 

boundary at 39 at % ~:n . 

From the above description it becomes apparent tha that the 

observed decrease could not be produced by r.n alone, be, but. rather 

by Al or by a joint effect of both ~L~ and Al . It tray cr.a.y also be 

considered that , as a conseq_uence of the precipitationtion and the 

subsequent breaking away of the precipitate the distristribution o: 

the solute wit'hin a silver crystal will be far fro::i urn::i uniforo 



a::d it is not imo;m when equilibrj.um ;\ill be reached after er the 

-C-phase disintegrated bet~een 240°c and 400°c . In Section on 4 the 

phase relations will be further discussed . 

Besides Debye-Scherrer films,diffractometer charts werwere taken 

from Silmanal filings pressed or mixed with vacuum grease ae and spread 

on alw::.:L~u..~ slugs. Tests were ma.de with filings of differeerent mesh 

size and they confirmed that the sieving did not imply a se separation 

o= grains of different composition , The relative intensitiities of the 

tf>.ree phases present .:ere not dependent on the size of the he filings 

due to the very srall crystallite size of the preci pitates •. es . The 

uni:or~ distribution o: the precipitates over the Ag rnatrix.rUc, and 

probable parent phase , is also evident from the fact that ai.t a magnetic 

separation could not be obtained, whereas , i n binary alloyaoys the 

:ia.gnetic T-phase could be separated from [3 -Mn , as it was djs discussed 

with Table 1. When the diffractometer speci mens of an allcalloy aged 
0 

a~ 240 C Kere exposed to a high magnetic field all the ind:iindividual 

f ilings were seen to rotate i n the d i rection of the field . ld , Thus each 

of the filing particles consisting mainly of silver, and ha:l having the 

appearance of silver, contained the ferromagnetic componeninent , The 

orienting effect of the field was caused by the shape anismisotropy 

o: the elongated filings , The contribution of a possible cle crystal 

anisotropy in the tetragonal ferromagnetic crystals to thethe orienting 

ef=ect could nei ther be proved nor ruled out . Comparing trg the peak 

areas of the Ag reflections on diffractometer charts it wai:. was found 
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that the relative intensities of the Ag-phase W€re differernrent in 

::-;a.gnetic Silmanal specimens when compared with speci mens of of pure 

Ag, prepared exactly the same way , This observation was no· not studied 

in more detail , but it might be caused by the combined effeffect of 

oriented precipitation of the 't'- crystals on the Ag-crystalsals with 

crystal anisotropy in the "?'- crystals , The crystallographichic 

relationship expressed by the coincidence of (311)2:" = (222)22)Ag very 

likely indicates the precipitation of the'L' -crystals with th the (311) 

plane parallel to the (111) plane of Ag, Although nothing ng is known · 

about the anisotropy of the-'t'- phase and although the orientented 

precipitation of the '2:"- ph3.se is not as certain as it is witwith the 

p-: ~n phase (see Section 4) the above explanation of the ch change in 

I/I appears ~ore probable tr.an the assumpti on of a pref ereerential 
0 ( 

substitution of Ag ato~s by solute atoms in selected lattictice points 
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o: the f .c , c , Ag lattice , A further investigation of thesa~se observations, 

especially of the I/I in Ag as a function of aging tempermerature, could 
0 

be expected to help clarify the complicated phase relationaons in these 

alloys , 

With respect to the evidence of precipitated phases fs fe;:er 

re:lections were recognizable a~idst the background noise Ge on the 

c!'"\arts t~.an were visible on the fil:::s . Various settings of> o: scale 

: actor and pulse height analyzer were tried out for an optbptimurn 

peak/background ratio , This ratio ~as noticeably be~ter w~ ~ith sheet 

specir:ens , 



Sheet Specimens 

;..f'ter quenching, some of the SilQ.anal rods were cold rd rolled with 

a reduction of 80% to sheets of 0 . 003 in thickness . The sh sheets were 

either used directly as diffractometer specimens or cut intinto strips 

which were used as camera specimens . I n the l atter case th the strips 

were treated ~·:ith dilute nitric acid to remove the strainedned edges 

and reduce the strip further to a wire of approxi mately circircular 

cross section of 0 .05 mm. After the treatment the sur=ace ce was 

thoroughly cleaned with fine emery paper . The same aging tg treatment . 

was applied to sheet and strip specimens as described for tr the 

powder specimens . 

The po.rder patterns obtained from wire specimens gave ve the sa;ne 

number of lines of precipitated phases as the films taken fn from filings 

whicr. were gi ven the same heat treatment and thus the wire re spec imens 

were not superior to powder specimens i n this respect . TheThey became 

honever a valuable tool for the study of the effect of cherhemical 

treatment on the Silmanal structure that will be discussed :ed below . 

Sheets as diffractometer specimens were used for easy sy cor:parison 

of special ef=ects . Fig. 5 i s a photograph of a series of of diffracto-

~eter c~.arts nhich nere .taken =rom Sil!:'B.nal sheets aged at at different 

temperatures . In the angle range between (111) and (200) o) of the Ag 

phase at app~x:..nately 39.4° and 44.3° for 20 respectively :ly the change 

in the relative intensities of the strongest l i ne of the f3 ~ f3 - Mn phase 

and o:: the t'- pha.se 1:ith the aging te;npera ture i s sho;.'11 . Tr The respective 
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ar.gle pos:'...tior.s at approximately 42° for the (221) (3-Mn and nd 41° for 

the (lll)'l are not recorded with high accuracy, As it was rrs mentioned 
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before an angle shift of the reflections of fJ -Mn was not deidetected up to 240°c 

by the :'!ore accurate fill:! rr.easurer'lents , The charts, on the he other hand, 

s!'K>;.; :':Ore clearly than the films the increase of the amount nt of "t-pnase, still 

absent in the quenched state, in the interval between 200 ar and 220°c 

at ·,;hich temperature the reflection has gained its maximum mi sharpness , 

0 It broadens again at 240 C and is lost in the background sccscattering 

at still higher temperatures , An almost reversed intensityty sequence 

o= the p -~·:n re=lection accompanies the intensity change of f the 

-t - re:lection , (221) reflection of {3-Mn present in the queuenched 

state, becomes weaker when the (111) reflection of the r-ph.phase gains 

intensity, and grows stronger again above240°C when the ref:eflection 

of ( - phase d~sappears , 

Che~ical ~reat~ent of SiJ~anal Sheets 

Atte~pts ~ere ma.de to separate the precipitate from th the r.atrix 

ir. sheets ~hich had been aged to the temperature of ma.ximumnurn 

prec:'...pitation , Three different chemical methods were used ,ed , 

a) .Slectrocher.?ical Method 

The specimen was placed as anode in a Bollmann ' s electrctrothinning 

apparatus , Ex?eriments 1-;ere carried out with two different·ent electro-

lytes, a 10% solutior: of 20g ~CN + lg KO~ and a 10% solutiQtion o: 

56 KCN + 5g (1~Hl) 2 ( SOl) 2 . The residue of the specinen waswas collected 



on a filter paper, washed several times with distilled watenter and 

dried, 

For both electrolytic solutions the residue gave low-CG-contrast 

x-ray patterns that were not essentially different from the the patterns 

of the untreated sheets, except that the intensities of the the Ag lines 

Yela-'..ive to the(-phase lines were much lower and f3-Mn had a.d disappeared , 

b) f..ralgana.tion of the Ag iia.trix with Mercury 

A Silnanal wire specimen was cleaned with emery paper ar and then 

imrr.ersed in ~ercury for three hours . The Debye-Scherrer fi:film taken 

fron this sa:ople after cleaning in dilute HN03 is shown in ln Fig, 6 (b) 

and co~pa.red with the film of the specimen before the cheruiernical 

treat~ent, Fig, 6 (a) , The Ag lines of the lower photograpraph are 

extre~ely broad, the a1/a2 co~ponents are fused and the (33(333) of Ag 

submerged i.'1 the background , More lines of the t-phase be became 

recognizable, The estimated intensities and interplanar sp spacing of 

t!:e filn are gi ve!'l in Table 6;,. , Co:1paring with Table 6 it it is obvious 

that the abu...11da:~ce of the·i:'-phase relative to the 13-Mn phashase is 

increased, resulting in four additional lines , Apparently, ly , the 

preferential attack of ~ercury on silver enhanced the exposposure of 

'L-pb.ase, Unfortunately the quality of Ag lines did not al allow 

conclusions as to a change in the lattice constant of the ke Ag-mixed 

crystal. 
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c) Surface E~cti~g with a 10% Solution of Equal Amounts of of Potassium 

Cvanide and Arnmoniur.roersul oha te 
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Silmanal wires were immersed in the above menti oned solsoluti on for 

two !'lours , In i.-his case a greenish-white surface coating w~ was obtained, 

The ar::ount was too small to be scraped off and the wire waswas x- rayed 

w~~h ~ne ~oating. Surprisingly, the coating gave almost co completely 

the pattern which had been obtained by Hall (25) as the eleelectron 

di:ffraction pattern of the carbon replica of a Si lmanal samsample etched 

in the same soluti on as in the present work and which Hall 11 claimed 

to be the pa~~ern of the hexagonal ferromagnetic constituen.uent . The 

x- ray pat.tern obtained in the present work is given in Tabl:able 9 , 

T!ce d- values and tentative indexing of Hall ' s electron diffl.iffraction 

pa~~ern are also shown. Relative i ntensities are not givenven by 

~.all , Six of ~all ' s nine re=lections are matched very wel~ell by 

re:lect~ons o= the etching products , In addition, the strq;trongest 

~ -~'.!! line, t.he complete Al pattern and three unidentified Jed lines were 

present on the x- ray film , The Al pattern referred to a l~ lattice 

constant of 4 .052 ~ , as compared wi th 4 . 049 ~ for pure Al . Al , 

The resul~ of this experiment was not reproducible . j, When the 

et.c~~ng was repeated the specimens were usually covered wi1with a dark 

film which gave various x- ray patterns but different from om that of 

Hall or, alternatively, no pattern at all but only one or ur two broad 

and indistinct low angle reflections , 



Silmanal sheets subjected to the same chemical treatmeLment over 

a per~od o: three hours followed by rinsing in distilled waiwater and 

drying were used as dif'fracto!:'!eter specimens , The results c.s conf'irmed 

convincingly the conclusions which had been drawn from the oe outcome 

o: other experi:'lents in the course of this work. The predoedominent 

phase in the etched Silwanal sheet was the ?:'-phase represemented with 

higher peak intensities tha.n ever before obtained in Silrnanmanal . 

Fig, 7 is the photograph of the diffractometer charts taken{en from a 

sheet specimen before and after etching. Before etching onl)nly the 

strongest line of 'l and {3-Mn are present besides those of tf the Ag 

~ixed crystal . After etching the intensities of the latterter are 

greatly reduced, the /3-Mn peak is hardly recognizable and ta. the 't'-phase 

is represe~ted by the complete pattern which was given in Tn Table 3 

as the pa ~tern of 'l:"-phase in the binary Mnl. 25 Al alloy, T This result 

·,:as reproducible with the sheet etched under identical condonditions , 

There is little doubt that the deposits on the wire sp specimens 

are intersediate reaction products , probably complex Ag- cyacyanides 

~ith one or both of the other metals . Since deposits of dj different 

colour and different crystal structure were obtained, the se sequence 

of the reac"t.ions and the speed with which the reaction pro6roducts were 

car1·ied o:f were probably dif'ferent in dif'::erent experimen;ients . Most 

likely these d:'...:fferences are in connection with the surfactace conditions 

in the thinned -..~ire . The preceding thinning in nitric ac: acid certainly 

produced a state o: high surface disorder , the degree of wf which could 
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be quite different in different specimens , The thinning pro>robably 

changed also the microstructure by partial removal of the rorolling 

texture !'rom the surface and this process might also have ad advanced 

to different degrees , producing different conditions for thehe attack 

of ~he cyanide solution in different specimens, On the oth~her hand 

the deforration texture was still fully preserved in the shESheet 

specir.ens and the interface between ratrix and precipitates es was 

al~-a.ys in the sane positions relative to the rolling plane ~e which 

would be the (110) plane in f , c , c , Ag. Usually dislocation~ons occur 

at the interface and the attack of the etching agent will pi primarily 

be directed towards the dislocations, If then the Ag atoms)ms are 

pre!'erentially removed by the cyanide solution one might ex: expect 

that a greater nU.IJber of the precipitate crystallites becomcone exposed . 

The x-ray intensities of the precipitate would then increasease, not 

only because its relative abundance increases, but also becbecause the 

absorption o!' the diffracted radiation decreases with the re removal 

of heavy Ag ato~..s from the surface . 

Although the increased intensities of theZ-- phase mighight be 
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explained in this manner one has to be aware that it is an an oversimplified 

model, The intensities of the /3-Mn phase which, according ng to this 

model should also increase, become L~ fact weaker after etcetching, A 

pre!'erential cheMical attack on this phase, due to its low~ower Al 

concentration, as compared with the1'"'-phase, could be one pe possible 

reason , However, the cor:plex equilibrium relations betweerween the two phases 

eight even be nore complex by the participation of the Ag-J.Ag-phase and solution 
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of Ag in the {J-Mn phase would also have to be consider..,,d. . This will be 

discussed in r.ore detail together with the results of hardrrd.ness and 

nagnetic neasurements in Section 4 . At this point it shnulould only 

be mentioned that in the isothermal section of 240°C the {J ~ P-I1.n 

precipitate is s{,ill on its way t.e breaking away from the ne Ag matrix, 

a process which is finished only at 400°C , 

Differential Thermal Analysis 

The only discontinuity in the thermal energy/temperatrature curve 
0 of quenched Silr:.anal specimens up to 500 C was a well repreproducible 

broad exothermic peak with a r.aximum at 280°C , which is sh sho;m in 

Fig. 8 , Considering the comparatively rapid he~•in0 rate te in the 

therol analyzer of 12°C/r::in., it is suggested th!l.t the er energy release 

takes place at a lower ter:perature in equilibrium aging ar. an\l is 

probably caused by the breaking away of the r-phase from "\m the 

Ag matrix r..arked by the initial descent of the hardness ~ss curve (Fig. 9) . 

Hardness Measurements 

The rracrohardness of Silmanal samples aged at variouious temperatures 

for 168 hours is given in Table 11 and Fig . 9. Although gh the curve has 

only one naximun the change of slope at approximately l00
1

100°c indicates 

the beginning of a second age hardening process superimpomr~s:~g the first 

one which starts at roan te:;perature . During age hardeniening the change 

in the ~echanical characteristics of an alloy becomes evievident long 

before the prec:pitate phase itself, or even before the ae accompanying 

change in the lattice paraneters of the p~rent phase are re noticeable . 



0 Thus a first precipitation apparently begins below 100 C, 

probably at roor.! temperature alre3.dy. The hardening effect ct, of this 

first precipitation is rather small , as can be concluded frorom the 

initial slope of the curve. Before the effect reaches a maxlximum a 

second prrci;:ta ~on se~s in , producing t~e sharp rise of ttthe curve 

typical for severe coherency strain . In the temperature rara.nge of 

the ascending part both the precipitates are probably cohera:-ent as 
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to be judged from the weak and broad X- ray reflections , Th€'1e temperature 

of the hardness rnaximU!'l coincides with the temperature at wlwhich the 

reflections of the '2;'. - phase becorie sharp , One would therefo1ore be 

ter:pted to attribute the strain release follow.!.ng the hardmness 

::--.a.xmur! to the breaking away of the 'L - crystals , However , ti this will 

not be the only event that occurs at the overaging tenperattture , but 

a series o: events will take place and the smooth slope of : the 

descending curve does not give infor~ation about starting p point and 

temperature range of individual steps . Formation and dissosolution of 

;:.he netastable Z--precipitate, fornation and grain growth ofof the stable 

p-i·:n precipitate have occurred when finally , at 400°C , the 1e latter 

becones optically visible in a Widmanstatten pattern on pla:>lanes of 

the Ag ::;ixed crystals . · 

~:icroscopic Analysis 

Micrographs of Silr..a.nal are shown in Fig. 10 . In thEthe quenched 

sts.:.e (Fig, lOa) the rnicrostructure is that of a single pl phase , 

Unfortunately, samples free of etchpi ts could not be obtaie.i.ned , After 



aging at 240°C , the temperature at which the crystals of bothth 

precipitates have grown sufficiently large to give reasonablyly sharp 

X- ray reflections, the microstructure is still not resolved 1 in an 

optical r.icrograph with a magnification of 1000 X, (Fig. lOlOb) . 

Neither did electron micrographs taken from carbon replicas ~ of 

these specimens reveal pertinent details , (Fig. 10 c) . The :e few 

electron transmission micrographs which finally could be takaken from 

very small thinned sheet areas (see reference in Section 2) ) were 

f ar too indistinct to show the expected strain pattern. surro:rounding 

coherent precipitate clusters , (Fig. lOd) . After aging at tt 40o0 c 
the Wi d.--:anstatten pattern reported by previous investigatortors, (21) 

and (25) , was obtained (Fig. lOe) . At this aging temperattature the 

~Mn phase was the only phase which showed up in the X-ray Jy patterns 

besides the Ag mixed crystal and hence , the Widmanstatten : lamellae 

are precipitates of the JJ-Mn structure type, whatever the d chemical 

conposition of this phase . Since two sets of traces of the;he precipitate 

are perpendicular it may be concluded that they are deposit~ited on the 

cube planes of the Ag-mixed crystals . This relation is exp·~xpressed in 

Table 6 by the coincidence of (JlO) of the p - Mn phase with th (200) of Ag. 

J . J Magnetic Pronerties of Silma.nal 

Saturation r.agnetization , measured at room temperatureure, residual 

magnetization and coercive force of quenched and aged Silma1manal samples 

are shown in Table 12. The data are derived from the complmplete 

hysteresis loops of the alloys, some of which are given in in Fig. 11 
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to 14 • The '/aria ti on of the rnagnetiza ti on with temperature and 

time shows the gradual release of the ferromagnetic phase whiich is 

very much along the same lines that had been found for the rEelease 

of the ft'-phase as shmm by the variation of its X-ray intens:li i.,y . 

Only, the more detailed magnetic data give now a more quantili.,ative 

picture of the time and temperature dependence of the precip?itation 

of the-i--phase . This information is summarized in Fig. 15 •• The 

graph shows the increase of the saturation ma&netiza tion wit th the 

aging time for the two temperatures . At 200°C the magnetizaat.ion 

has not reached its final value after 21 days . At 240°c thee initial 

rise of the curve is much steeper and the magnetization doess not 

change essentially after three days . Table 12 shows on the other 

hand that the coercive force is independent of the aging tinme , This 

is to be'expected, as the coercive force is not an extensiv(e property 

like the rna.gnetizat~on . There seems to be some influence o>f the 

quenching temperature, the higher temperature producing the~ higher 

value . There is also an influence of thP magnetic field no::>ticeable , 

that was applied to the specimen in one of the aging experiiments . 

It produced the highest value of the coercive force which wwa.s measured 

on Sil~Anal in the present work . The field however had no effect 
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on the magnetization. An effect of the field on the amountt of 

precipitation could only be expected if it would shift the thermodynamic 

equilibrium between ~-phase and Ag solid solution . That i::..s to say when 

with the superposition of the field energy 4rrI x H the freee energy of 
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the system is noticeably lowered by the precipitation of the'('.L- phase, 

the temperature and amount of the phase release would be contLrolled 

by the external field . The thermodynamic data and consequentlly, the 

field energy necessary to produce an observable shi ft of the 

precipitation temperature are not known, but it would certainnly have 

to be at least by one order of magnitude hi gher than that of the 

* expP-rimental field of 1700 Oe • On the other hand, even a smmall 

field will have an orientating effect on the precipitating c~rystals 

and hence, will increase the coercive force when the crystalS.s possess 

magneto - crystalline· anisotropy. In this case, of the many J possibilities 

which are offered for a parallel alignment of ( 311) planes o:of z--crystals 

with (111) planes of the Ag mixed crystals (see Table 6) tthe ones 

are selected which provide small angles between the directio_on of 

easy magnetization and the field direction . The degree of n magnetic 

alignment and hence, the difference between the coercive fonrce attained 

with and without the external field will depend on the stre1ength of the 

aniostropic field in the precipitating crystals . Since thele difference 

is rather small in the present case it might be concluded t that the 

magnetic anisotropy does not play an essential part in the e high coercive 

force of Silmanal . 

A shift of the thermodynamic equilibrium temperature auaustenite -> 
martensite by 6°c was obtained by E. I. Estrin (35) with th a field 
of 18.6 kOe , In order to produce the same field energygy in the 

rr-phase with approximately half the saturation magnetizization , 
~ = 100 gauss (Jl) against 204 gauss in low- carbo!=l ststecl , the field 
would have to be twice as high. 
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The Curie temperature of Silmanal was found by repeated measurements 

to be 355°c as compared with 360°G given by Potter (1) , 

3 ,4 The£:' -Phase in Alloys with Small Ag Content 

After the ·t'-phase had been recognized as the f errornagnetic 

constituent in Silmanal and the coherent precipitation of this 

phase as the source of the high coercive force in the alloy, the 

program was extended to the investigation of alloys with smaller 

Ag content , Phase relations and magnetic properties of these a..lloys 

were expected to give additional information about the role o:f Ag in 

the magnetic properties of Silmanal , 

Alloys with approximate mole fractions 0 ,01 , 0 .05 , 0,1 an.d 0 . 5 

of Ag, or more exact, of the formulae A15o , 02Mn1 ,11A10 , 89 , 

A~ . 1Mn1 , 11Al0 , 89 , Ag0 , 2Mn1 , 11A10 ,89 and Ag2MnAl were prepared.. in 

the same way as Silmanal and the homogenized and quenched san]?les 

subjected to various aging treatments , The relative abundanc~ of 

the phases present in the X-ray patterns of the specimens is 

classified with I , II, III in Table 13. In the last column the 

attracting force of an Alnico magnet describes qualitatively the 

magnetic state of the specimens , 

The following relations are recognized from the result~s given 

in Table 13, 

(i) The f'"-phase was preserved in the low-Ag alloys up to 0) . l mole 

fraction of Ag far beyond 250°c which is the limiting temperature 



for 'l in Silmanal. In Ag2Mnl. ll Al0 • 89 w'ith 0 . 5 mole 

fraction of Ag, the 'Z:"-phase disappeared between 240°C aand 
0 300 C as is the case in Silmanal . With respect to tthe 

thermal stability of --r , the three low-Ag alloys fall ttherefore 

into line with the binary Mn-Al alloys and only 

Ag2Mn1 ,11Al0 ,89 resembles Silmanal . 

(ii) Free Ag was present only in the alloy with the bighestt Ag 

concentration, but was not detected in Ag0 , 2 ~1nl. 11A10 • 1 , 89 
with 9 at% Ag, Evidently, the Ag was dissolved in t~he 

~ -Mn phase, This opens up the interesting question ahbout 

the relation between a solid solution of Ag and Al inJ~-Mn 

and the A~Al phase of the Al3 = )3-Mn structure typee, 

This relation will be discussed in Section 4 , 

(iii) Throughout Table 13 , the coordination between the rel,la ti ve 

concentration of the T-phase in an alloy and the magn)Tletic 

state of the alloy is evident, Like Silmanal , the 

Ag2Mn1.i1Al0 •89 alloy is not magnetic after quenchingng, 

whereas the low-Ag alloys and the binary Mn-Al alloysys are 

(cf , Table I) , due to the absence or presence of T irin the 

quenched state, . 

(iv) The h-phase which was not traced in Silmanal was not1t traced 

in Ag2rm1 ,11A10•89 also , Although small amounts miglght not 

have been detected because of overlapping Ag reflect~tions , 

it is rather unlikely that the phase is preserved inin the 
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heat treatment which was applied to the alloys with hig~her 

Ag concentration. In the latter the homogenizing tempe3rature 

was kept ;:ell below the stability range of the h-phase ,, which 

is given with 870°c by Kono (31) . 

The three phases in the low-Ag alloys are shown in the opptical 

micrographs of Fig, 16b and 16c, Fig, 16d is the electron miccrograph 

of the colloidal magnetite replica of one of the alloys , It ::shows 

the distribution of the ferromagnetic phase over the specimen1 surface 

in clusters which have grown to various sizes , 

Results of microprobe analysis carried out on Asa . 2Mn1 , 111A10 ,89 
specimens are pictured in Fig 17. The specimen current imagee of 

Fig. 17a shows dark Ag-rich inclusions in a light Mn-rich bacckground , 

Fig. 17b and 17c represent specimen current images of other aareas on 

which are superimposed an Ag X-ray line scan with high intenasities 

displayed in the dark areas and an Mn X-ray line scan displa~ying low 

intensities in the dark areas , X-ray counting rates for Ag, , Mn and Al 

were quantitatively recorded while scanning over light and ddark areas. 

Using pure metal specimens as standards the following averagge 

compositions, in at. %, were calculated from the counts : 

Ag Mn Al 

light phase 1.06 49 . 4 49 . 5 
dark phase 65,4 9 ,7 25.0 
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In areas remote from the grain boundaries the deviations from 

the average values were not more and in general less than ~ 5 in 100, 

Apparently the light areas represent the two binary Mn-Al phases , 

h and ?: , the specimen current images of which will be indistinguishable . 

The Ag- rich dark phase therefore must be the phase with the {:f-Mn 

s tructure , From the results given i n Table 13 it was concluded 

previously that Ag is one constituent of the (3-Mn phase , From the 

result of the microprobe analysis one had to conclude that Ag is the 

ma.in constituent of that phase, the composition of which (Ag, Mn) 3A1 

i s that of the Ag3A1 phase of the P-Mn structure type with Mn in 

substitutional solid solution . 

This result is rather unexpected . As to the reliability of 

the microprobe analysi s it should be mentioned here, tha.t the 

chemical analysis of Silmanal aged at 240°c, in which state the 

fine precipitate could not be resolved by the micro beam, and where 

therefore the analysis was a gross analysis of the total composition, 

the result could be checked by wet analysis . They were surprisingly 

good for a ternary system, One should therefore assume that in 

A~0 2Mn1 • 11A10 ,89 too the analyzed composi tion of 8-Mn is close to 

the actual composition , Yet it is diff i cult to reconcile this 

r esult with the experimental lattice constant , According to Pearson 

(loc . cit , ) ~~Ag3Al has a lattice parameter of 6.934 R. The experimental 

value of 6.427 R, although greater than that of pure p-Mn, is of course 

much too small . Although extensive solid solution of Mn in 

Ag3A1 is possible a drastic change of the lattice constant 



with the Mn concentration is not to be expected, by comparison 

with the Mn- Ag system, where 40 at% Mn lower the Ag parameter by 

l ess than 0.2%. Recommendations for further investigation of the 

problems connected with the ~-Mn phase will be given in Section 4 . 

Magnetic data on low-Ag alloys are given in Table 14 and 

hysteresis loops in Figs , 18 and 19 . The last alloy in Table 14, 

belonging to another system will be dealt with later. 

Magnetic specimensof the ABQ 02Mn1 •11A10 •89 alloy could not be 

prepared by machining to proper size, as the alloy, like the binary 

Mn- Al alloys, was too brittle. Therefore the specimens were cast in 

appropriate molds . Fig. 18a is a hysteresis loop of a specimen as 

cast, Fig. 18b was taken after the specimen was aged at J00°c . 
Comparing the magnetic data of the low-Ag alloys with that of 

Silmanal given in Table 12 , one readily realizes that 

the low- Ag alloys exhibit a remarkably high value of the coercive 

force , although they remain considerably below the Silmanal values . 

The greater thermal stability of the 't'-phase in the Ag0 •2Mn1 . i 1 A10 •89 
alloy, as compared with the alloy with 1/2 mole fraction of AfS and 

with Silmanal was discussed with Table 1). It appears now tlnat the 

presence of 't'-phase in the cast state is already associated W-l'i th 

the relatively high coercive force which does not undergo sutbstantial 

change during aging. On the other hand, the heat treatment ~d a 

pronounced effect on the magnetization, raisihg this propert~y to an 

amount which was obtained in Silmanal only after long- time a~ging at 
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200°c . Relatively lower magnetization was measured in the Ag2Mn1 •11Al0 ,89 
alloy. Since the saturation magnetiza~ion is proportional to the relative 

amount of the ferromagnetic phase it follows that in Ag2Mn1 •11A10 •89 the 

same amount of 'C'-phase was produced on aging at 240°C as in Silmanal on 

aging at 200°C over equal time periods , 

The Curie temperatures of the alloys discussed so far are compiled 

in Table 14. Three other alloys are included in the table, They will 

be discussed in Section 3 , 5 . 

The value obtained for the binary Mn-Al alloy is the same as quoted 

by Kono (31), the value obtained for Silmanal is slightly lower than 

given by Potter (1) with 360°c . The low saturation magnetization of 

A~Mn1 • 11A10 ,89 made the observation of the disappearance of the 

signal in the oscilloscope rather uncertain and the true Curie 

temperature might be a few degrees higher than 340°c . Yet it was 

certainly not higher than that of Silmanal as one would be inclined 

to expect from the decrease of 0 with increasing Ag in the sequence 

J80°c - 377°c - 355°C . 

However, the apparent dependence of 0 on the Ag concentration 

of the alloy would be significant only if it could be interpreted as 

the result of an increasing Ag concentration in the 't"-phase its elf . 

This cannot be proved, as the changes in the l a ttice di mensions with the 

substitution of Al by Ag are very small and certainly below the accuracy 

with which the lattice parameters of the "L-pha~e , which does not give 

high angle reflections , could be measured . Yet it is very likely that 

the state of the Mn 3d shell will undergo some change when first order 



Al neighbours are subst:Huted by Ag, The one valency electron of 

Ag is likely to exhibit a strong tendency to go into the Mn Jd 

shell as was observed with Cu in the system Cu-Mn-Sb (16) . The 

result would be an increase of the radius of the shell , and 
interatomic distances consequently a decrease of the Bethe-Slater ratio radius of Jd shell 

on which the Curie temperature depends, as was outlined in the 

introduction of the thesis , 

To summarize the information which might be claimed as forthcoming 

from the experimental Curie temperatures one should say: 

1. The Curie temperatures in the Ag-Mn-Al series of Table 15 differ 

only by a maximum of 25°c and hence indicate that they belong to 

one and the same phase, This fact can be regarded as the :final 

proof that the't'-phase is the ferromagnetic constituent of' 

Silmanal. 

2 . The variation of O in this series possibly indicates an effect of 

Ag on the state of the Mn Jd shell, produced by a change in the 

average number of Ag atoms becoming first order neighbours of Mn, 

The variation of e would therefore reflect the change in the amount 

of solid solution of Ag in the 't:'-phase, increasing from zero in the 

binary alloy to a maximum in Silmanal. It is true that the change 

of e is not a monotonous function of the Ag concentration in the 

alloy, but one has to realize that the concentration of Ag in ~ 

will not be proportional to its concentration in the bulk alloy 

because of the different mechanism of formation in low-Ag and 



high-Ag alloys as previously discussed, In the former, that is 

in the binary alloys, and in the alloy with 0 , 1 mole fraction of 

Ag, the ~-phase forms by transformation of the h-phase , In the 

latter, that is in Silmanal and in the alloy with 0. 5 mole 

fraction, 'l:' precipitates from the supersaturated Ag mixed 

crystals in coherent dispersion. 

3 . 5 The Effect of Small Addition of Cu and Ni on the Structure and 

Magnetic Properties of Mn1 •11A10 •89 

To gain additional information about the role of Ag in the 

stabilization of the't'-phase a study was made of alloys with small 

additions of other metals , instead of Ag, to Mn1 •11Al0 ,89 • The 

elements Cu and Ni were selected for this substitution • 
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. Alloys of the compositions Cu0 •02Mn1 •11A10 •89 , Cu0 •2Mn1 •11Al0 ,89 
and Ni0 •2Mn1 •11A10 •89 were prepared in the same way as the low-Ag 

alloys. They were brittle, ferromagnetic after casting, and the 

ferromagnetism was retained after homogenizing at , and quenching from, 

temperatures above 8oo0 c . Homogenizing at 700°c destroyed the 

ferromagnetism , but low-temperature aging did not affect it . X-ray 

analysis of the magnetic specimens revealed, besides the presence of 

the phase withfi-Mn structure , and of the hexagonal h-phase, the 

presence of a cubic phase of B2 structure type , The latter was 

recognized as identical with a phase to which reference is given in 

Pearson ' s Handbook (page 247 of ref . 2) . The phase was originally 

quoted by H. O. D~rum (36) . According to the author, it is a binary 



phase of the composition MnAl , with a0 = 2,97 ~. On slight addition 

of Cu, the lattice constant was found to be approximately the same 

in the present work, Contrary to the assumption of Dorum, the phase 

is not a binary phase , but is apparently stabilized by small additions 

of Cu or Ni ,* The Curie temperatures were found to be 160° and l40°C 

for the alloy with Cu and Ni respectively, but due to the rather low 

residual magnetization of the alloys, the measurements were not very 

accurate , Nevertheless the Curie temperatures are markedly different 

from that of the ?:-phase, distinguishing this phase as of an entirely 

different structure type with different interatomic Mn-Mn distances , 

It may then be concluded that , of the three metals Ni , Cu and Ag, only 

the latter one has the specifi c effect on the'"(-phase which leads to 

the precipitation of this phase in a metastable state, 

3,6 Replacement of Al in Silma.nal by Sb 

In an earlier state of the thesis it seemed of interest to 

investigate if other ferromagnetic Mn phases would be dissolved in Ag 
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at high temperatures , preserved in solution on quenching and precipitated 

~ After the work was completed, Japanese references dealing with the 
discovery of a ferromagnetic phase in ternary alloys derived from 
MnAl were spotted , In a number of short notes (37) and two papers 
(38) , Tsuboya and Sugihara deal with the magnetic properties of a 
phase which they describe as having a b , c , c, structure with a 
varying from 2,90 to 2.98 ~ according to the composition , Th8 
authors traced the phase in MnAl alloys with small addition of Fe, 
Co, or Ni and Cu, anf furthermore in Mn-Ga alloys . 
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in a similar way as the r - phase, The MnSb phase of the B81 structure 

type with homogeneity range up to Mn
3
sb2 was selected. 

Ag5Mnsb was homogenized at 60o0 c after casting, quenched and 

aged at low temperatures . In contrast to Silmanal the alloy was 

brittle , X-ray diffraction analysis disclosed the presence of a 

hexagonal phase besides the Ag mixed crystal . With a0 = 4 . 11 R 
the lattice constant of the latter was considerably greater than 

that of the Ag-phase in Silmanal, and also much greater than that 

of pure Ag . A solid solution of 5 at % Sb in Ag increases the unit 

cell edge to 4,11 ~ (pg. 301 of reference 2) and hence at least 

this amount of Sb was dissolved in the main phase . As it was 

outlined on pg, J4 of the thesis the effect of a solid solution 

of Mn on the lattice parameter of Ag is only slight . It will 

therefore be concealed by the much more conspicuous effect of Sb . 

For that reason the chemical composition of the second phase is not 

known . Structure analysis revealed a hexagonal phase, the unit 

cell of which was much smaller than that of MnSb . In particular, 

the a -axis was much smaller with 3 , 45 R against 4,139 R in MnSb , 
0 

The c -axis with 4 . 70 R was only by 7% smaller than that of MnSb 
0 

with c
0 

= 5. 742 R. 
The microstructure of Ag5MnSb was very different from that of 

Silmanal . This is shown in Fig, 20 . The photomicrograph in Fig. 20a , 

taken from a specimen aged at 140°C is that of a clearly separated 

phase, distributed along the matrix crystals in a grain boundary 



network . Analogous contours are outlined by the micrograph of the 

magnetite colloid on the surface of the specimens in Fig. 20b, 

indicating that the phase is ferromagnetic. A hysteresis loop of 

the alloy is shown in Fig. 21 , the magnetic data of which were given 

in the last line of Tables 14 and 15. The completely different 

magnetic character of the phases in the two systems Ag-Mn-Al and 

Ag-Mn-Sb becomes apparent , The latter has higher saturation and 

residual magnetization , but much lower coercive force , 1Hc, which 

however , is still remarkably high. Because of the higher 

magnetization the coercive force for vanishing induction BHc with 

1050 Oe is higher than that of Silmanal , and higher than that of any 

Alnico magnet . The value was interpolated from the hysteresis loop 

of the alloy and more points of the curve would have to be measured 

to make the interpolation more accurately . 
0 The Curie point of the Ag5~fnSb alloy was found to be 320 C that 

is approximately the same as that of the binary Mn Sb with e = 315°c . 

This would indicate that the distances between the Mn atoms occupying 

000 and 001/2 sites in the B81 structure type are not greatly 

different in the new phase . 
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4 . SUMMARY AND CONCLUSIONS 

The pertinent results of this investigation may be evaluated from 

three different aspects : 

a) Contribution to the knowledge of Silmanal. 

b) New pieces of information on phase equilibria in binary and ternary 

alloy systems, on the crystal structure of intermetallic compounds 

and the effect of solid solution on the structure, on the relation 

between crystal structure and microstructure on the one and the 

magnetic properties on the other hand , 

c) Opening up of possibilities for the preparation of new permanent 

magnets . 

The nature of the metastable phase which is the ferromagnetic 

constituent in Si.lmanal was revealed , It is essentially the binary 

MnAl phase of the Llo structure type with probably some Ag in solid 

solution , Unlike in the binary Mn-Al system where the't'-phase is 

formed on cooling at 750°c in a reversible transformation from a 

hexagonal high-temperature polymorph, in Silmanal the phase starts to 

precipitate in fine dispersion from a supersaturated Ag solid solution . 

It becomes semicoherent and detectable by X-ray diffraction between 200 

and 240°C with an orientation (311)~ // (lll)Ag' At 2f::IJ°C the 

't- phase disappears and from this temperature on the Ag-mixed crystal 

is in thermal equilibrium with a phase of the p -Mn structure type up 

to 40o0 c , which was the highest aging temperature investigated . The 

·results of DTA , of hardness tests and measurements of saturation 



magnetization and coercive force confirm the interpretation of the 

X-ray results about the r-phase being the ferronagnetic phase , and 

its precipitation on the Ag-planes in fine dispersion being the 

cause of the high coercive force in Silmanal . The hexagonal phase , 

which Hall (loc . cit.) assumed to be the ferromagnetic phase, could 

be obtained under similar conditions as in Hall ' s work and is 

probably a reaction product of Silmanal with a cyanide-persulfate 

etchant. 

One feature in the phase relations in Silmanal is not completely 

understood , but seems essential for the difference in the thermo-

dynamic stability of ·T-phase in Silmanal and in the binary system. 

This is the role which the phase of thef3-Mn structure type plays in 

the formation and transformation of the'l-phase . Hall (loc . cit) 

did not detect this phase below 400°C , and a~ 4oo0 c the ·t-phase was 

no longer present and the other phase , the equilibrium phase, had 

precipitated in Widmanstatten pattern . Hall therefore concluded 

that a ferromagnetic phase of unknown composition transforms to the 

equilibrium phase above its Curie point , and that the equi librium 

phase is ~-Mn . This explanation is plausible from the thermodynamic 

point of view and is supported by the observation on other alloys 

that a metastable phase first precipitates and is later exchanged by 

the equilibrium phase, as described by Barrett in a survey of age 

hardening (loc . cit . Chapter XXII). It is less plausible from the 

chemical point of view and in the light of the results of the present 



work one must say that the reaction which leads to the disappearance 

of the 'l -phase and to the formation of the equilibrium phase is only 

the last step i n a sequence of events in which 'l-phase, fl - Mn phase 

and the Ag matrix are i nvolved , The{!>-Mn phase was observed 

s i multaneously with the first appearance of the Z-phase at 200°C , 

and in fact , was traced by i ts strongest line in the quenched state 

a l ready. That the Ag matrix is involved in the precipitation of 

~-Mn and Z-phase and again , i n the transformation of the latter, is 

deduced from the change of i ts latti ce parameter. As to the 

composition of ~-Mn type phase, i t is certai nly not pure Mn ; lattice 

spacing and relative intensities are different from that of pure 

{3-Mn, but also different at different state of agi ng . In the alloy 

A~. 2Mn1 • 11A10 • 89 the compositi on of this phase was determined by 

microprobe analysis to be very cl ose to ( Ag, Mn)
3
Al ; the lattice 

constant of thi s phase wi th 6. 427 ~ was 7% small er than that of 
I i sostructural (1:> - Ag

3
A1 and 2% greater than that of pure ~-Mn . The 
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lattice constant of the phase i n quenched Silmanal , 6 . 411 ~ di d not 

change on anneali ng up to 240°C , but increased to 6. 431 ~ on aging 

above 240°c . This change was either brought about by soli d solution , 

or an unstable primary precipitate was consumed together with the 

r-phase during averaging and repl aced by the equilibrium phase , the 

composi tion of which is sti l l further apart from that i n the binary 

al l oy for which a = 6. 388 ~ . The occurrance of two phases , one of 
0 

which is rich in Ag, could tentativel y be assumed to be the cause 
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for the instability of the'Z'-phase at 240°C, One possible interpretation 

might be that the formation of the equilibrium phase is initiat ed by the 

precipitation of ~' -Ag3A1 simultaneously with the breaking away of the 

7;' -phase from the Ag-matrix, and that the precipitate then becomes stable 

as a reaction product of these two phases , The stable product would 

then be a solid solution of Mn in (!} -Ag3Al, It is not claimed that 

this interpretation might not be at variance with one or the other 

experimental observations, and in particular, it is not even known 

whether ~' -Ag3A1 with Mn solid solution may be assumed to form a 

Widmanstatten pattern on Ag planes; it is known only that hexagonal 

Ag2Al forms a Widmanstatten pattern on Al planes (39) . It seems 
, 

however, that with this interpretation, more experimental ground is 

covered than in previous explanations . 

There is no doubt that the detailed study of the structure of 

the Widmanstatten pattern in its early stages and microprobe analysis 

of its composition and change in composition with aging would reveal 

at least some of the hidden relations , These investigations could 

not be carried out within the scope of the thesis , In spite of the 

still open questions , it might be claimed that in the present work it 

was disclosed that the unique magnetic properties of Silma.nal are a 

consequence of thermodynamic relations between an Ag-matrix which 

is capable of supersaturation and age hardening, and two other phases 

of which the structure is known. Also known' is the composition of 

one phase and the fact that the other phase is a ternary alloy rich 

in Agi . The isomorphy between the latter phase and the~ -Mn phase 



which is preserved on quenching seems to be an essential factor and 

should be taken into account in the search for other systems in 

which, like in Silmanal , a coherent precipitate of a ferromagnetic 

Mn- phase should be expected , 

In other alloys of the Ag-Mn-Al system with molefractions 0 ,01 

to 0 , 5 Ag phase relations either similar to those in binary MnAl or 

similar to those in Silmanal were found dependent on the absence or 

presence of a free Ag-phase , In alloys of the first case the 

composition of individual phases could be determined by microprobe 

analysis which showed a small amount of Ag i n the~-phase and a 

composition of (Ag, Mn) 3A1 for the~ -Mn phase with an Ag: Mn ratio 

close to 7 :1 , The Curie temperature of the r-phase decreased from 

JBO to J55°C in the sequence : binary alloy-low Ag alloy-Silmanal , 

6J 

The highest coercive force in this series wi th 70'/o of that of Silmanal 

was measured in the alloy with the highest Ag content . 

The ?:- phase is not retained by the additi on of small amounts of 

Ni or Cu to MnAl . Instead, a ferromagnetic phase of the B2 structure 

type is formed which was claimed by I¥rum(J6) to be another polymorph 

of MnAl , but apparently i s stabilized by these metals , Like the 

l - phase, the phase transforms to P,-Mn at higher temperatures , A 

study_ of the boundary condi tions for the formati on of r in the presence 

of other elements and of the B2 phase in the presence of Ag might be 

expected to give additional information about the rol~ of Ag in 

Silmanal. 



.Replacement of Al in Silmanal by Sb resulted in an alloy which, 

compared. with Silmanal, has a higher Is' BHC and consequently a 

higher energy product . The latter is assumed to become a maximum 

for a critical Ag concentration, and further investigation of this 

alloy is recommended . 

r 
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Table 1. Phase relations, magnetic and mechanical conditions of 
Mnl+~l all oys a~er various heat- treatment. Tetragonal 
t'-phase, hexagonal h- phase 

Sample Composition Thennal condition Treatment of Relative intensities of phases Ferromagnetic and 
No . x x x-ray specimen strong medium weak mechanical state 

Nominal Analysis 

1 0 quenched from 825°C r~~~~sa!~d3~bc - {.' ~ - non-magnetic; 
in ice-ater friable 

2 0.105 0.078 quenched from 825°C powder aged for /3 -Mn h - non-magnetic; 
in ice-ater 4 hours at 300°c friable 

3 0 .105 quenched from 950°c magnetic ; 
in air friable 

0.105 quenched from 950°c magnetic fraction -" - - strongly 
in air of sample 3 magnetic 

0.105 quenched from 950°c non-magnetic frac - ~-Mn h non-magnetic 
in air tion of sample 3 

4 0 .25 0. 180 as cast none 1' h - strongly magnetic; 
tough for grinding 

0.25 as cast powder aged for 168 
hours at 300°C 

t' .A -Mn h strongly magnetic ; 
toug_h for grinding 

5 0.25 quegched from pCMder aged £or 4 t' ,8 -Mn h strongly magnetic ; 
800 C in air hours at 300 C tough for grinding 

6 0 .25 quenched from pCMder aged 6or 168 1' - h very strongly 
950°C in air hours at 240 C magnetic; very 

tough to grind 

7 0.25 quenched fran 1050°c powder aged for 24 t' ~ -Mn to 325°C in air ang hours at 325°c h very strongly 
kept 5 days at 325 C magnetic; very 

tough to grind 



Table 2. X-ray analysis 0 0 of Mn1 •25Al alloy quenched from 1050 C to 325 C 

in air. 0 Aged at 325 C for 120 hours . X-ray specimen stress 

relieved at 325°C for 24 hours. 
+++ 

Intensity Interplanar Phases 
distances, d in R identified 

I/ I 0 

w 4.55 /9-Mn + 

w 3. 57 ~ 5 •. 6 

w 2 . 79 t' 6 

vs 2.19 t';h 100;80 

s 2.14 /;-Mn 100 

m 2.05 h;fl-Mn 100;64 

m ++ 1.96 r 37 

w 1.94 ,4-Mn 27 

f 1.78 t 14. 5 

w 1.72 /(;ft-Mn 3; 7 
++ 1.39 't 17 w 

m 1.32 ~ 33 

w 1.26 fl-Mn 30 

w 1.19 /J -Mn 20 

m 1.17 t' 69 

w 1.09 ~ 84 

+ Reflection not given in ASTM card 

-++ Broad lines 

-+++ Calculated intensity values are taken from ASTM card No . 1-1234 for 
/J -Mn, ASTM card No. 11-416 for h- phase and Kono (31) for t'-phase . 
The I/ I 0 values of the t'-phase given in ASTM card No. 11- 520 and 
referred to Kono are incorrect due to erroneous standardizing 
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Table 3. ;v Re flections of the C.-phase in Mnl.25Al of Table 2 compared 

with that of the ferromagnetic Mn 
3
Al phase given by 1.2 

hkl 

001 

110 

111 

200 

002 

201 

220 

202 

311 

222,113 

Kono (31) 

d 
exp 

3.57 

2.79 

2.19 

1.96 

1.78 

1. 72 

1.39 

1.32 

1.17 

1.09 

d 
Kono 

3.58 

2.79 

2.19 

1.97 

1.79 

1.72 

1.39 

1.32 

1.17 

1.095 

+ Coincidence with (002) of h-phase 

-++ Coincidence with (321) of /3 -Mn phase 

I/ I 
0 exp 

w 

w 
+ vs 

m 

f 

w ++ 

w 

m 

m 

w 

I/ I 
°Kono 

5.6 

6 

100 

37 

14.5 

3 

17 

33 

69 

84 
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Table 4. Reflections of h- phase in Mn1 . 25Al of Table 2 compared 

with that of ASTM data card No . 11-416 

hkl 

100 

002 

101 

102 

110 

103 

112 

201 

004 

d exp 

2.19 

2.05 

0 
in A 

2.33 

2 . 19 

2 .05 

1. 59 

1.35 

1. 23 

1.14· 

1.13 

1.095 

+ Coincidence with (111) of 't'-phase 

+ + Coincidence with (310) of f·Mn phase 

I/ I 0 exp 

+ VS 

++ m 

I/ I 0 ASTM 

80 

80 

100 

50 

50 

50 

50 

20 

50 
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Table 5. Reflections of j3 -Mn phase in Mnl. 
25

Al of Table 2 compared 

with that of ASTM data card No . 1-1234 

hkl d dASTM I/ I 0 I/ I 0 exp exp ASTM 

in~ in ~ 

110 4.55 w + 
221 2.14 2 . 10 s 100 

310 2 . 05 2.00 . ++ m 64 

311 1. 94 1.90 w 27 

321 1.72 1.68 w +++ 7 

330 1.49 3 

420 1.41 3 

431 1.26 1.24 w 30 

432 1.19 1.17 w 20 

531 1.06 3 

442 1.05 3 

+ Reflection not given in ASTM card 

+ + Coincidence with ( 101) of h-phase 

+ + + Coincidence with (201) of 'l'- phase 
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Table 6. Analysis of a Debye-Scherrer powder pattern taken from a 

Silmanal alloy aged at 240°C for 168 hours. fl-Mn and 

tetragonal phases are identified by comparison with 

Tables 3 and 5. 

No . Intensity Interplaner hkl 
visual distances Ag-matrix fl-Mn 

in R ~ 
(cubic) (cubic) (tetragonal) 

1 vvs 2 .3520 (111) 
2 w 2 .191 (111) 
3 w 2. 137 (221) 
4 vs 2. 0370 (200) (310) 
5 vw 1.962 (200) 

·6 vvw 1 .934 (311) 
7 vw 1 , 718 (321) (201) 
8 s 1.4413 (220) 
9 vvw 1.326 (202) 

10 vw 1.259 (431) 
11 vs 1 , 2309 (311) 
12 vw 1.193 (432) 
13 ms 1.1780 (222) (3ll) 
14 vw 1.071 (222) 
15 m 1.0212 (400) 
lful s 0 .9350 

°'2 m 0 .9350 (331) 

l?a.1 s 0 .9118 

°'2 m 0.9117 (420) 

l&tl s 0.8326 

°'2 m 0,8303 (422) 

19°'1 s 0.7852 

°'2 m o. 7865 (333) 
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TABLE 6A 

Interplaner distances and estimated intensities of ·-C-phase 

and,.B-Mn phase in Silmanal, aged at 240°C and etched in mercury 

Intensity Interplaner distances 
visual in ~ 

f 3.570 

f 2.778 

w * 2. 193 

vw 2.144 

vw 1.962 

f 1.791 

** f 1 , 718 

f 1 ,386 

vvw 1.322 

f 1.259 

f 1.191 

*** m 1.178 

w 1.095 

* Coincidence with (002) of h-phase 
** Coincidence with (321) of /3-Mn phase 
*** Coincidence with (222) of Ag 

h k 1 
z-phase j3-Mn phase 

(001) 

(110) 

(111) 

(221) 

(200) 

(002) 

(201) (321) 

(220) 

(202) 

(431) 

(432) 

(311) 

(222) (531) 
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Table 7. Relative abundance of precipitated phases in Silmanal alloys , 

homogenized at 780°c , quenched in ice-cold water and aged at 

various temperatures . The relative abundance class.ified as 

I and II for major and minor constituents respectively is 

estimated by the intensiti es of the strongest reflection and 

number of reflections, 

Aging temperature 
T°C 

as quenched 

200 
200 
220 
240 

240 

250 

260 

280 
300 
350 
400 

240 + 400 

400 + 240 

Aging time 
hours 

168 
500 
168 
168 

500 

168 

168 

168 
168 
168 
168 

168 + 168 

168 + 168 

Relative abundance 
I II 

. 't" 

{ .a-rn 
..B-Mn 

.P-Mn 

..B-Mn 
fa-Mn 
ft-Mn 

ft-Mn 

jJ-Mn 

.B-Mn(l v , v . f . 
line) 

.fJ-Mn 

)3-Mn 
jJ-Mn 



Table 8. Extrapolated lattice constant of pure Ag and of the Ag-mixed 

crystal in Silmanal quenched and aged at different 

temperatures 

Heat-treatment 
T°C 

Aged at 240°c for 168 hours 

Aged at 40o0 c for 168 hours 

Aged at 40o0 c for 168 hours 
followed by 240°c for 168 hours 

Aged at 240°c for 168 hours 
followed by 400°C for 168 hours 

Pure Ag, raw material 

Lattice Parameter 
R 
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.... 
Table 9. Estimated intensities and interplaner distances of a 

Silmanal wire specimen aged at 240°C for 168 hours 

and etched in 10'% potassium cyanide-ammoniumpersulphate 

solution 

Intensity d Al mixed fJ-Mn Electron diffraction exp crystal pattern of extract 
in R (h k 1) (h k 1) reported by Hall 

d in R (h k i 1) 

4.72 0001 
m 2. 667 2.66 lOIO 
s 2. 339 (111) 2.34 0002 

vw 2.140 (221) 
ms 2.025 (200) 
vw 1.981 

1.78 . 10l2 
w 1.584 1. 58 1120 
w 1.554 

vvw 1. 462 
ms 1.430 (220) 

vvw 1.365 1.36 10l3 
vvw 1.314 1.31 1122 

ms 1. 222 (311) 
m 1.170 (222) 1.18 0004 

1.07 1014 
w 1.015 (400) 

ms 0.931 (331) 
ms 0.902 (420) 
ms 0.828 (422) 
ms 0 .780 (333) 



Table 10, Estimated intensities and interplaner distances of 

Intensity 
estimated 

vvw 

vw 

m 

vvw 

w 

vw 

vw 

vvw 

w 

vw 

vw 

vw 

vvw 

precipitate phases observed in Silmanal strip sample 

aged at 240°c for 168 hours and etched in mercury for 

3 hours . The reflections of Ag-matrix are not shown , 

d in .R '(-phase {J-Mn phase 
(h k 1) (h k 1) 

3.570 (001) 

2.778 (110) 

2.193 (111) 

2.144 (221) 

1.962 (200) 

1.791 (002) 

1.710 (201) (321) 

' 1.386 (220) 

1.322 (202) 

1.259 (431) 

1.191 (432) 

1.095 (222) 

1.067 (442) 

75 



Table 11. Rockwell hardness of Silmanal quenched from 780°C aged for 

168 hours at different temperatures . 

Rockwell hardness 
(B-scale ) 

60 

67 . 5 

82 

93 

92 

84 

70 

Aging temperature 
(oc) 

24 

100 

150 

200 

250 

300 

400 

76 



Table 12. 

Quenching 
temperature 

(oc) 

800 

800 

800 

800 

800 

800 

780 

780 

780 

780 

780 

780 

Saturation magnetization I at room temperature, residual s 

maglletization Ir and coercive force J!Ic of Silmanal after 

various heat treatments . 

77 

Aging 
temperature 

(oc) 

Aging 
time 
(hrs) 

Is 
(gauss) 

1r rHc 
(gauss) (oersted) 

200 12 15 

200 24 23 

200 72 44 

200 168 53 32 4800 

200 500 74 50 4800 

240 168 91.5 58 . 5 5400 

240 12 53 

240 24 80 

240 72 88 

240 168 92 . 8 59. 5 5200 

240 500 93 62 

240 + 76 87 50 5600 

+ Aged in magnetic field of 1700 Oe. 



TABLE 13 Phase Relations in Alloys AgXMnl .llA10•89 with X = 0.02 , 0 .1, 0.2 and 2 

Composition Quenched · Aged Relative Abundance Ferromagnetic 
from ( 0 c) at ( 0 c) for (hrs) I II III state 

A~ . 02Mnl . 11Al0 . 89 950 - - '?:"* strongly magnetic 

950 240 170 't'** - {~-Mn strongly magnetic 

825 300 4 .B -Mn h "t magnetic 

825 300 174 "t' - { { -Mn strongly magnetic 

825 500 25 .B-Mn - 'l:' magnetic 

A~.lMnl . llAl0.89 825 300 4 p-Mn 1:" h magnetic 

Ago . 2rm1 . 11A10 . 89 chill cast - - p- rm l~ - magnetic 
•" 

chill cast 400 120 u:Mn ~ - magnetic 

chill cast 500 25 tP ~Mn - '!:' weakly magnetic 

825 300 4 p-Mn - t1 weakly magnetic 

825 300 170 /3- Mn 't"' h magnetic 
--J co --

- continued -



TABLE 13 

- continued -

Composition Quenched Aged Relative Abundance Ferromagnetic 
from ( 0 c) at ( 0 c) for (hrs) I II III state 

Ag2Mnl . 11A10 .89 800 - - Ag *** non- magnetic 

800 240 168 Ag ft - Mn ~ magnetic 

800 300 168 Ag JJ-Mn - non- magnetic 

* ?' - phase represented with two broad reflections 

** 't' - phase represented with six reflections 

*** no reflections discernible from the background except two broad Ag lines 
~"' 

~ 



Table 14 Saturation magnetization I at room temperature , residual s 

Alloy 

magnetization I and coercive force 1H of Ag-Mn-Al r c 
alloys, other than Silmanal , and of Ag5Mnsb. 

Quenching 
Temp ( 0 c) 

Chill cast 

800 

600 

Aging 
Temp 
(oQ) 

300 

240 

140 

Aging 
time 
(Hrs) 

100 

168 

200 

I s 
(gauss) 

15 

72 

138 

I r 
(gauss) 

12 

45 

34 

68 

80 

IHc 
(Oersted) 

3000 

3200 

3800 

1800 
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Table 15. Curie temperatures of Ag-Mn-Al, Mn-Al and their related 

alloys 

Composition Heat-treatment Curie temperature 
e in °c 

Ag
5

MnAl 0 
355 quenched from 780 C then aged 

for 168 hours at 240°C 

A~Mnl . 11A10 . 89 
0 340 quenched from 780 C then aged > 

for 168 hours at 240°c -

ABQ . 2Mnl.llAl0 ,89 cast sample aged for 100 at 377 
300°c 

Mnl . 11A10 .89 
0 0 380 quenched from 1050 C to 325 C 

then aged for 120 hours at 
325°c 

cuo . 2Mn1 .11A10,89 
0 325°c 160 quenched from 1050 C to 

then aged for 168 hours at 
325°c 

Ni0 . 2Mnl . 11Al0.89 cast 140 

Ag5MnSb quenched from 60o0 c then aged 
for 200 hours at 140°c 

320 
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I 

Paramagnetic 
Mn 

o--- g_ _ 1/2 intera tomic distance 
r radius of partially filled subshell 

I 

Fig. 1 Bethe ' s curve relating interaction energy 

to interatomic distance and radius of 

active shell 

I 
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40 . 

Ag4-~~~~\T---~~~~~')l.-~~~~'¥-~~~~~ 
10 20 JO 40 

Al (at %) 

Fig. 2 Saturation intensities/cm) of Ag-Mn-Al alloys. 

Ma.gnetiza~ion contours in e.m. u. /cm3 of the 

ternary alloys (after Potter) 



Fig. 3 (a) Holder for sample and pick-up coils 

used for the magnetization measurements 
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Fig. 4 (a) Sample holder for Curie 

point measurements 
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Fig. 4 (b) Apparatus for Curie temperature 

measurements 
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Fig. 5 Diffractometer charts of Silmanal sheets 
aged at different temperatures . The charts 
display two peaks from Ag-matrix and one 
peak of (3 -Mn (221) at 20-= 42 . 2° and 

T-phase (111) at 20-:::: 41° only 
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I 0 Fig, 6 (a) X- ray film from Silmanal strip sample aged at 240 C for 168 hours . Faint 
lines are from precipitated phases including two CuK13 lines of the 
(111) Ag and (200) Ag which were not completely filtered out, 

I 0 Fig. 6 (b) X- ray film from Silma.nal strip sample aged at 240 C for 168 hours and 
etched in mercury. The faint lines additional to those in Fig. 6 (a) 
belong to 7: - phase . 

& 



Fig. 7 Diffraction charts of Silmanal sheets aged at 240°c for 168 hours. The upper trace is 
that of the specimen before etching and shows besides the peaks of the Ag matrix only 
the stronge~t of the precipitated phases. The lower chart was taken after etching in 
10% Potassium cyanide-ammoniumpersulphate solution. The'L- phase is the predominent 
phase in this diffraction pattern. 

\.() 
0 



. 100 200 JOO 400 

0 Temperature C 

~. 

500 

Fig. 8 Differential thermal analysis curve 
0 of Silmanal quenched from 780 C 
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Fig. lOa Microstructure of Silmanal quenched and etched with 
CrCJ-H2so4 • (x 5~0) 

Fig. lOb Microstructure of Silmanal aged at 240°C for 168 hours . 
Electrolytically polished and etched with Cr0 3-H2so4• 
(x 1000) 
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Fig. lOc Electron transmission micrograph taken from carbon 
replica of Silmanal aged at 240°C for 168 hours . 
(x 14820) 
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Fig, lOd Electron transmission micrograph of Silmanal 
aged at 240°C for 168 hours , (x 85000) Some 
of . the dark spots are split which might be a 
sign of the ·strain pattern surrounding the 
coherent precipitate . 
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Fig. lOe Microstructure of Silrnanal aged at 400°C for 168 hours, 
etched with Cro1- H2so4 , Typical Widmanstattan structure 

(x 500) 
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Fig. 16a. Micrograph of Mn1 •11A10•89 aged at 300°c and 
etched with HN03-HC1 acid , (x 500) , The 
structure indicates two phases, 

Fig. 16 b Microgi;aph taken in polarized light from 
0 Ag0 •1Mn1 •11A10 •89 aged at 300 C and etched 

with HN03-HC1 , (x 800) . The microstructure 
indicates three phases , the hard phase in 
"Maltese Cross" pattern . 
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Fig, 16 c Micrograph taken in polarized light from 
0 Ag0, 2Mn1 , 11A10 •89 aged at JOO C and etched with 

HNOJ-HCl (x 400). The microstructure indicates 
three phases, 

Fig, 16 d Electron transmission micrograph taken from a 

magnetic co!loid ~eplica of Al5c . 2Mn1 , 11Al0 •89 
aged at JOO C, (x 14840) , The replica indicates 
·the fairly homogeneous distribution of magnetic 
particles in clusters grown to different sizes . 
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Fig. l?a Electron probe micrograph. Specimen current 
image of Ag0 •2Mn1 •11A10 •89 specimen. 

Fig. l?b Electron probe micrograph. Specimen current image 
with superimposed Ag X-ray scan (high intensity in 
dark areas) and Mn X-ray scan (low intensity in 
dark areas) taken from Ag0 •2Mn1 •11A10 •89 specimen. 
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' Fig. l?c Electron probe micrograph. Specimen current image 
with superimposed Ag X-ray scan (high intensity in 
dark areas) and Mn X-ray scan (low intensity in 
dark areas) taken from Ag0 •2Mn1 •11A10 .89 specimen 
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Fig. 18 (a) 
(b) 

Hysteresis loop of cast Ag0 0 2Mn1 • 11Al0 ~ 89 alloy 
0 Hysteresis loop of cast A~ 0 2M.~1 • 11A10 • 89 aged for 100 hours at 300 C 

..... 
0 
°' 



60 

/(f.-30 
0 ~ 

s::: 
·ri 

H 

0 

~looersted 
8 12 

/0/0 

Fig. 19 Hysteresis loop of Ag2MnAl alloy aged at 240°C for 168 hours 
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Fig. 20a Micrograph of Ag
5

MnSb alloy aged for 200 hours unetched, 
(x 500) 

Fig. 20b Micrograph of magnetic colloid of Ag5MnSb (x 500) . By 
similarity of the pattern with that of Fig. 18a the 

108 

dark areas in the latter are recognized as the ferromagnetic 
phase . 
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