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Oltra-Fine Grained Alloy Material

Introduction

Suitable thermomechanical processing schedules have been
developed to obtain a fine grain size in eutectic lead-éntimony
(Pb-Sb) , aluminum bronze (Cu-10-11%A1-3% Fe) and in eutectic
lead-tin (Pb-Sn). A stable fine grain size on the order of 1-10
microns, a testing temperature of greater than one half the
absolute melting point and a strain rate sensitivity factor (m)
of greater than 0.3 are usually required to see superplasic
behavior in certain alloys. Lead-tin was one of the first alloys
in which superplastic behavior was observed. C.E. Pearson
showed that the ductility was greatly enhanced in an extruded
lead-tin alloy in 1934 (1). Constant strain rate tests of
50 percent per minute conducted 1/2 hour after the rods were
extruded showed that the lead-tin had a possible elongation of
1122 percent. 1If the extruded rods were stored for 70 days, only
25 percent elongation was possible. C.E. Pearson also observed
that the deformation was by viscous flow at the grain boundaries.
More recently Ahmed and Langdon tested a sample of 6.9-mﬁ£éron
grain size 1lead-tin at 413°K and at a strain rate of 1.33x10°4
sec-l and measucred an elongation of 4850 percent without
failure (2). This eutectic lead-tin was cast and rolled to the

final thickness of 0.254 cm at room temperature.
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ﬁg‘ ) Most of the fine grained superplastic alloys are either
§§§ eutectic or eutectoid alloys with two or more phases which act to
@-v prevent grain growth at the testing temperatures. The main
:hs structural criteria requires the structure to have a stable fine
g;; grain size on the order of 1 to 10 microns. Associated with this
et fine grain size is the large volume of material near the grain
§§G boundaries. This volume of interface material could serve as a
3:‘ sink for dislocations and vacancies so the grain material would

become softer and grain boundary sliding would be easier. It

Li? should be possible to develop this high entropy grain boundary
ﬁhh structure by either mechanical or thermomechanical processing.
P

5:5 To understand the processing necessary to obtain the high
:ﬁé entropy grain boundary structure, pure zinc was rolled and the
L+ percentage of crystalline material measured using x-ray
-k~ diffraction., Commercial purity zinc was shown to be superplastic
;%Eg after a 90 percent rolling reduction by Naziri and Pearce (3).
é&f They observed that a 200 percent elongation was possible when the
.i? zinc was tested at a crosshead speed of 0.002 in/min. The
1;5 freshly rolled zinc was ductile but it tended to harden after 4
:§: days. Alloying elements of lead, cadmium and iron were added to

stabilize the fine grain size and retain the enhanced ductility.
Aust et al. showed in 1968 that when elements with K, the
equilibrium distribution coefficient, of greater than 1 were
added, the grain boundary region was softened (4). When 100

ppm. of gold was added to the zinc, a soft region on the order of

80 microns wide furwed i tlie vicinizy cf tiie gralin poundary. <z

this soft grain boundary region remained wnen the zinc was
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rolled, this would account for a large volume of soft material.
This soft material would enhance grain boundé:y sliding and

accomodation.

One method of measuring the volume of high entropy or
disordered material at the grain boundaries is by x-ray analysis.
Angela Rosasco at The Johns Hopkins University showed that it was
possible to follow the degree of crystallinity in a Metglass
ribbon by using energy dispersive x-ray diffraction and by
looking at the intensity of the crystalline peaks to determine if
the material was crystalline (5). Amorphous ribbons had an
almost flat intensity versus diffraction angle spectrum while the

crystalline ribbons had sharp (intense) crystalline peaks.

In rolling the pure zinc, a strong rolling texture developed
which caused the intensity of certain peaks to increase and other
peaks to decrease. To avoid the influence of the preferred
orientation in the angular dispersive x-ray results, a single
plane was chosen and the Siemens Texture Diffractomeﬁer was used
to obtain x-ray pole figures. The pole figures showed the
development of a rolling texture in zinc where the basal planes
are tilted 35 to 45 degrees toward the rolling direction. The
area2 under the texture spectrum was integrated. The area under
the crystalline peaks was measured and compared to the total area
under the spectrum., By dividing the peak area to the total area,
it was possible to obtain a relative measure of the volume
percent of crystalline material. The degree of crystallinity was

measured as a function of thermomechanical processing in pure

zinc and zinc with 88 ppm. of copper.
3
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Thermomechanical Processing Techniques
Butectic Lead-Tin

Eutectic lead-tin (61.9 percent tin and 38.1 percent 1lead)
was obtained by melting Straits tin (99.8% pure) and St. Joseph
lead (99.9% pure) in a plumbago crucible and casting it into an
iron mold. The iron mold was coated with Aquadag graphite
emulsion to prevent contamination. These 1 inch thick castings
were allowed to air cool to room temperature and samples were
obtained for microstructural characterization. These samples
were polished and etched with 8 parts glycerol, 1 part acetic
acid and 1 part nitric acid at a temperature of 40°C. Figure 1
shows the coarse as-cast structure of the eutectic lead-tin. The
1l inch thick castings were rolled at room temperature to a
95 percent reduction using a reduction in thickness of 0.050 inch
per pass. At a 95 percent reduction, the sheets were tensile
tested and seen to be extremely ductile. The microstructure
after rolling is shown in Figure 2. This microstructure consists
of two phases a (lead-rich) and 8 (tin-rich) which are present at
room temperature. The light phase is the tin rich phase and the
dark phase 1is the lead rich phase. This rolled lead-tin had a
mean linear intercept length of 3.6 microns. Sheets of this fine
grained rolled lead-tin were provided to Aberdeen Proving Ground
for further testing. An additional 837 square inches of eutectic
lead-tin was processed as described above, but this material was
annealed at 160 C for 2 hours to reduce the ductility. After 2

hours of heat Zrsatment, tie fine wicruscracture nad phascs wicn

'

a mean linear intercept 1length of 4.6 microns as seen in
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Figure 3. Annealing the cold rolled lead-~tin did not change the

grain size very much as seen in these micrographs.

Aluminum-Bronze

The aluminum-copper system has a eutectic point at 8.3
weight percent aluminum and a eutectoid point at 11.8 weight
percent aluminum. Figure 4 shows the binary phase diagram for
the copper rich end of the aluminum-copper system (6). An
aluminum-bronze alloy of Cu-10-11%Al1-3-5% Fe was purchased from
Ampco Metals Company in the form of a 1 inch thick by 3 inch wide
continuously cast bar. Pigurg S shows the as-received
microstructure which consisted of a mixture of primary grains
in a eutectoid matrix. This aluminum-bronze was hot rolled at
1700 F (925°C) to a final thickness of 0.050 inch with a
reduction in thickness of 0.025 inch per pass. After rolling,
the aluminum-bronze was annealed at 800°C for 1/2 hour and

allowed to air cool.

Figure 6 shows the final microstructure. After hot rolling
and annealing, the structure consisted of grains, which had
been broken up into a smaller size of 1 to 2 microns, in a
eutectoid matrix. This rolled and annealed aluminum-bronze is
slightly ductile at room temperature but could be more easily
formed at temperatures near 800°C where it is more ductile. A
total of 976 square inches of the annealed aluminum-bronze was

delivered,
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Figure 3: Microstructure of Lead-Tin 95%
Reduction and Heat Treated
o 2 hours at 160°C (500X)
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Figure 4: Aluminum-Copper Phase Diagram
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Microstructure of Aluminum-
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Eutectic Lead-Antimony

Butectic lead-antimony (11.2 weight percent antimony) was
made by melting St, Joseph lead (99.9% pure) with pure antimony.
This eutectic lead-antimony was cast into an iron mold which was
coated with Aquadag. The cast ingots 1 inch thick by 3 inches
wide were allowed to cool to room temperature in air. Figure 7
shows the microstructure of the as-cast lead-antimony. It shows
that the as-cast structure consisted of a coarse 1lamellar
structure consisting of a white antimony rich phase and a dark
lead rich phase. Segregation during casting caused the formation
of large dark dendrites of lead and white primary antimony
crystals. The cast lead-antimony was heated at 135°C (275°F) and

rolled to a 50 percent reduction.

It was rolled with a 0.050 inch reduction in thickness per
pass on the rolling mill. After rolling to a 50 percent
reduction, the casting was rolled Lo a final 94 percent reduction
at room temperature, The final lead-antimony sheet was 0.065
inches thick. Pigure 8 shows the lead-antimony rolled to a 94
percent reduction, The structure consisted of a fine
microstructure with phases on the order of 1 to 2 microns. Cubic
particles of primary antimony 10 to 20 microns in size were also
present in the as-rolled lead-antimony. Rapid quenching of the
molten lead-antimony should provide a more homogeneous structure

than the cast alloy.

10




Figure 7: Microstructure of Lead-Antinomy
As Cast (100X)
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Ao Eutectic lead-antimony was remelted and rapidly quenched in

sgf a water bath. The result of quenching in water was to form moss,

s which were thin flakes of lead-antimony about a bhalf-inch in

'£§ diameter. The moss was mounted and polished to show a uniform

f§ eutectic microstructure as in Figure 9. This microstructure was

: entirely eutectic with no primary lead or antimony segregation.

i&g Specimens were made grom the moss by pressing at 10,000 psi,

1:? sintering at 200°C (390°F) and severe rolling to bond the

. particles. To further improve the processing technique,

,;g lead-antimony was crucible melt extracted. A 6 inch diameter

.jé copper disk with an 0.125 inch flat machined on the disk

Eﬁ: periphery was used for the crucible melt extraction process. The

ng disk rotated at 700 rpm which gave a fiber production rate of

iﬁ close to 18,3 ft/s. Figure 10 shows the microstructure of the

3 melt extracted fibers. It had a very uniform and homogeneous

%:g eutectic structure. An attempt was made to extrude the melt
(i;i extracted fibers, but a layer of lead oxide prevented bonding.

~5i The 12 to 1 extrusion ratio used was not high enough to
}_,. consolidate the fibers into a dense compact.

‘iy Crucible melt extracted fibers were remelted in a large
‘ci plumbago crucible and allowed to air cool from the outside to the

;;; center. A stainless steel rod bent into an "S" shape was used to

ﬁg stir the melt as it cooled. Vigorous stirring of the melt should
é!! prevent segregation of the lead and antimony. After it was cold,
t;; the casting was band sawed into 1 inch thick sections so they
Egi covld be rollcd, The z2c-c2zIt micrestroucture ic chewn inm Pigurc

. 11. The stir cast lead-antimony consisted of a microstructure of
‘,_’_::::Tf ‘
R & |
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Figure 11: Microstructure of Lead-Antimony

stir-Cast (100X)
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331 : primary lead dendrites, a few antimony c¢rystals and a coarse
'iﬁ eutectic phase.
:} The stir cast lead-antimony was heated to 200°C for 1/2 hour
\i and hot rolled to a 50 percent reduction. After a 50 percent
] reduction, it was rolled at room temperature to a final reduction
:; of 97 percent. Figure 12 shows the microstructure of the
:; lead-antimony rolled to a 97 percent reduction. The final
\: structure still had primary antimony crystals in a fine eutectic
o of lead rich solid solution and antimony rich solid solution.
'i The large antimony crystals were about 80 microns in diameter
5{ while the small ones were 20 microns in diameter. A total of 882
i@ square inches of the stir cast and rolled lead-antimony was
N4 delivered.
s
x4 Tensile Testing of Superplastic Alloys
N
:éz Tensile specimens were made from the rolled sheets of
‘; eutectic lead-~tin with a 1 inch gauge length and a gauge width of
tﬁ 0.20 inch. The sheet tensile specimens were tested at crosshead
% speeds of 0.02 cm/min (1.3::10"4 sec'l) and 0.2 cm/min (1.3x10'3
'% sec-1) at room temperature. At a 1.3x10"4 sec™! initial strain
- rate, an elongation of 644 percent was possible. Increasing the
S; strain rate to 1.3X10"> sec'l caused the elongation to decrease
;53 to 394 percent. Cold rolling the lead-tin alloy was sufficient
3: mechanical processing to refine the grain size and cause the
:; lead-tin to be superplastic. Sheets of rolled tensile eutectic
E lead-tin were heat treaced at 150°C (433°K) for 1 to 5 hours.
28 The results of heat treated lead-tin are summarized in Table I.
: 15
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Microstructure of Lead-Antimony
97% Reduction (500X)

Figure 12:

Table I. Heat Treatment of Lead-Tin

Time at 160°C Mean Linear Longitudinal
(hours) Intercept Length (microns)
0 3.6
1 4.2
2 4.6
3 5.1
4 5.0
5 ‘ 5.4
|
i
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' 0 These results showed that heat treating the alloy at 160°C
A '
'h' did not appreciably change the grain size. PFigure 13 shows that
‘?h'!
L the elongation dropped from 175 to 44 percent after 5 hours at
NN 160°C. To investigate the effect of heat treating at the lower
Sy

:f; temperatures of 120°C, 80°C, and room temperature, the
‘ microhardness was measured with time after rolling. Figure 14
(N .
el shows that the Vickers microhardness tended to level out after
. »
$k§ only 2 hours of heat treating., At room temperature the hacdness
W

N

leveled out after only 24 hours as seen in Figure 15. These

.f\ results showed that the as-rolled structure in the lead-tin was
) ".~,,
1ﬁ: not stable at room temperature and the elongation dropped with
-~

55
B time.
al®

Eﬂ‘ The sheets of eutectic lead-tin were heat treated for 2
i; hours at 160°C to remove the as-rolled structure. When the heat
L.
treated sheets were tensile tested, they had an elongation of 181

L
l-i percent compared to an elongation of 394 percent for the freshly
o
0N rolled material tested at 1.3X10"3 sec™l.
".
A0 Tensile tests were conducted on samples of relled and
t ".\
1’\ annealed aluminum-bronze at room temperature. The longitudinal
O
.E& tensile specimens had an ultimate tensile strength of 89,745 psi

‘; when they were tested at a strain rate of 1.3x10°4 sec”l. 12.5
AN

e percent elongation was measured for the aluminum-bronze.
S
¥ '_\

o Transverse tensile svecimens had a tensile strength of
lgﬂ 87,760 psi and a 6.3 percent elongation, Such a low value for
ﬁﬁ the elcnaation made deformation at reom  tarnaratrnra  2l=ase
"-\.'

N impossible. Previous results by Plunlcp et al. showed that a
T~ 17
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Figure 13: Elongation versus Annealing Time for
3, Eutectic Lead-Tin
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similar aluminum bronze had an elongation of over 700 percent

-

when it was tested at 800°C (7).

X

o

N

Eutectic lead antimony tensile tests at 1.3X10~%sec~! showed

a dramatic change in values as the structure was made more

AT

homogeneous as seen in Table II,

s
i

- Alloying the eutectic lead-antimony with tin to form the 80
3 ‘.‘;
%: Pb-10Sb-~10Sn pseudobinary eutectic alloy caused the elongation to
L %
R increase from a low value of 40 percent to 144 percent. There
;ﬁ were few cubic antimony crystals in the structure, but 5-10
iﬁ micron size SbSn intermetallic particles were present.
5
Fhy
4
1_.'*‘
Y Zinc and zinc Alloys
;;Q Results
-P
S The angular dispersive x-~ray traces were obtained by using a
;Q; Diano CA7 copper medium focus x-ray tube on a General Electric
- SPG Goniometer and a XRD-5 Diffraction Unit., A flat rolled sheet
J .
> is rotated by © degrees while the x-ray detector is rotated
<,
T through 28 degrees. The x-ray detector 1is scanned through
oo
;}i increasing values of 26 while the x-ray intensity is measured. A
{} 3 degree medium resolution incident beam slit and a 0.2 degree
<,
:ﬁ divergence beam slit was chosen for the x-ray diffraction
L
N results., A General Electric No. 2 SPG Detector proportional
- counter was scanned at 4 degrees per minute to obtain the angular
l5; dispersive spectra. The copper KB radiation was filtered out of
v
> the results by a nickzl filter placed in {ront of the x=oz-

detector. These parameters are summarized in Table III.

P 21
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Table II. Elongation of Lead-Antimony
Alloys at Room Temperature

Material Percent Elongation
Lead-Antimony

(Cast and Rolled 40~ 63 percent
Lead-Antimony

(Stir cast and Rolled) 44 percent

Lead-Antimony Moss
(Rapidly Solidified and

Rolled) 638- 75 percent
Lead-Antimony Fibers
(Extracted-Extruded-Rolled) 110 percent

Table III. Angular Dispersive Results for the Pure Zinc

Intensity for Pure Zinc at Angle (29),
{counts/sec.)

Percent Rolling
Reduction 36.4 39.0 43.5 54.5 70,2
(0002) (1010) (1011) (1012) (1120)
25 800 750 800 540 450
‘50 900 950 >1000 630 620
75 700 660 >1000 560 730
. 90 460 450 >1000 660 600

%
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Table IV. Angular Dispersive Results for the Zinc/Copper
A
:ﬁ Intensity for Zinc/Copper at Angle (28),
- (counts/sec.)
h; Percent Rollin
Reduction 36.4 39.0 43.5 54.5 70.2
P (0002) (1010) (1011) (1012) (1120)
R
N
b 25 >1000 500 >1000 530 580
R
! 50 1500 750 2500 700 500
S8 75 260 400 1600 600 500
‘_.:
K3 90 500 450 2500 1000 600
i
L3 *.
.“‘
o
..l 0
N .
:& Table V. Pure Zinc Diffractometer Measurements
N _
5 (0002) (1010)
K Percent Rolling 26 20
e Reduction Degrees Degrees c a c/a
[\ -
-~ .
. 25 36.08 38.80 4.974 A 2.677 & 1.858
o] .
N 50 - 36.45 39.04 4.925 A 2.662 A 1.850
. 75 36.34 38.83 4.940 A 2.675 A 1.847
v
5 ,
- 90 36.2 38.76 4.958 A 2.680 A 1.850
-~ 95 36.33 39.04 4.941 A 2.662 A 1.856
'-"
N 98 16.5 39.28 4.919 A 2.646 A 1.359
.
oy
~ 23
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Table IV shows the angular dispersive analysis results for
the 2zinc alloyed with 88 ppm. of copper. Both tables show
a aimilazbtrend. The intensity due to the basal planes (0002)
has decreased while the intensity of the (1011) planes has
increased in both cases. This change in intensity would indicate
that the zinc and zinc-copper alloy tends to develop a preferred
crystallographic orientation or texture as the material is
rolled. Rolling the zinc did not significantly lower the x-ray
intensities, but it did show that certain peaks decreased in

intensity while the (1011) peaks increased.

Lattice parameter calculations were made with the angular
dispersive results., These values for the c/a ratio are shown in
Table V. The c/a ratio decreases up to a 75 percent rolling
reduction and then it increases back to a normal ratio of 1.859.
These results suggest that the density should be at a maximum at

a 75 or 90 percent rolling reduction.

X-ray Pole Figures

To investigate the development of a rolling texture in the

case of the zinc, X-ray pole figures were analyzed. X-ray pole

Fﬁz figures for the zinc and zinc-copper samples were obtained by
1‘\-:
Eﬁj using a CA8-L copper tube in a Siemens Texture Diffractometer. A
-

nickel filter was used to remove the K8 copper radiation from the

RIS
ey
2 s .

diffracted radiation. The modified Siemens pole figure

T
.
.
a'a

goniometer rotated the flat svecimens 360 dearees and tilted the

e
ls ;

£ X

specimens from C to 90 degrees, This goniometer arrangment takes

r 8
.
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: data on the entire stereographic projection by tracing a
i: continuous spiral from the outside of the projection to the
. center. Strip charts show the x-ray intensity at any position

: along the spiral on the stereographic projection. A texture free
é sample of sintered copper powder was used to normalize the

Y measured intensities. This texture free sample should have one

z intensity value at every point on the stereographpic projection

X and can be used to calibrate the intensity values.

" To obtain a pole figure, the x-ray detector is set at the 20
Ag which will satisfy the Bragg law for a given type of crystalline
1? planes. From Bragg's Law, nA = 2d sin6, the exact angle can be
X chosen for diffraction. The wave length, X, of the copper
‘ radiation and the planar spacing of zinc, d, are known. The
diffracting angle 26 can be set and the sample rotated so all
5 possible lattice orientations have a chance to satisfy these
. diffraction conditions.
R Pure zinc and the zinc/copper alloy were rolled to reduction
,' of 25, 50, 75, 90, 95, and 98 percent and pole figures for the

; (0002) and (1011) planes were drawn. After a 75 percent rolling
: reduction, a texture develops in which the basal plane (0002) is
- tilted 30-40 degrees toward the rolling direction. In the zinc
_; with 88 pom. copper, a strong rolling texture develops after
; a 50 percent reduction and remains up to a 98 percent reduction.
i The texture in the alloy appears to be the same as the rolling
S texture in the pure zinc.

N
- 2s
‘
v
¢

o e e . AT T A At st u et a” DI N - R P T e e e e e e R S, - P R
N {‘.’I“-I,.-*\‘ NNy _51_.. .‘.r,\_\.r‘_. AR -"-._,é"'x"«.‘ e A e e e LT e
. - Nal 3 . . M Aula ~ . N D . *




-
(&S
AR

ol IR

it

‘ -

LBl ad Al B h b a4 e an i aie s o o

The pole figure traces show an increased background
intensity as the 2inc is rolled with identical instrument
settings. To measure the change in the background as a function
of rolling, the area under the pole figure was integrated for the
(1011) pole figure traces. Table VI shows the data for the areas
under the pole figure trace for the pure zinc. The areas under
the crystalline peaks were measured first and then the area under
the background radiation was measured. The peak area to total
area ratio was calculated by dividing the crystalline peak area
by the sum of the crystalline peak area and the background area.
This value can be visualized as a measure of the volume percent
of crystalline material to the volume percent of disordered or

amorphous material.

At a reduction of 75 percent, there is a drop in the value
of the crystalline peak area to the total area. The value
increases at a 90 percent reduction to 18.2 percent since the
background 1level has decreased to a low value. The percent peak
area to total area decreases with further rolling to a 98 percent
reduction. You should notice that the increase in background
area accounts for this noticeable decrease. These values
indicate that the structure is becoming less crystalline and more
disordered with rolling since the planes are no longer aligned to
cause diffraction. At a 98 percent rolling reduction, the
crystalline peak area to the total area is only 13.2 percent.
After two months, the area under the peaks has increased which

would indicate that crvaetallissticrn haa ~Acenrrad The wvaluae fAr

the areas undzr the Lacxground iave not changed very much. The
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Table VI. Values of the_Integrated Areas
Under the (1011) Pole Figure Trace
for Pure Zinc (99.999 Percent Pure)

Percent Reduction Area Under the Area Under the Peak Area (100)
by Rolling Peaks (in?2) Background (inZ2) Total Area
25 41.1 141.6 22.5
S0 30.8 65.9 31.8
75 26.0 188.6 12.1
90 25.5 114.7 18.2
95 27.7 165.6 14.3
98 - 27.4 180.0 13.2

TWO MONTHS LATER

25 59.4 142.3 29.4
50 56.5 149.1 27.5
75 52.3 206.1 20.2
90 47.0 133.5 26.0
95 55.2 167.0 24.8
98 60.3 203.9 22.8
3
t'::::
)
‘
N 27
\

a

e, l! ..

—

R T S T T N U S AR R S . .
IfJ.l - ‘- - .- l" -- H.N h. N .‘- .n .h '- b > . et e . R ST S T R M) e " - -‘-’- B i P
E‘ R e P I 2 T, AL O S C LRy RO S e R L S TP ‘J




W D I T i O o o e Sy sy

jump in the crystalline peak area to the total area at 90 percent
reduction may be explained by the material re-crystallizing at
room temperature during the rolling process. As the rolling
process continues above a 90 percent reduction, the material is

becoming more disordered again as it is rolled.

The values of the integrated areas under the pole figure for

zinc with 88 pem. of copper are shown in Table VII,

The data shows that the area under the crystalline peaks is
continuously decreasing with rolling down to a 98 percent
reduction. The crystalline peak area to the total area under the
pole figure trace also decreases as the material is rolled.
These x-ray results were obtained by looking at the (1011) planes
which had the most intense peaks in the angular dispersive x-ray
results. The zinc with copper sample did not re-crystallize when

it was rolled.

The values for the percent crystalline peak area divided by

the total area are shown again in Figures 16 and 17.

Density Measurements

Densities were measured for the samples of pure =zinc and
zinc with 88 ppm. of copper., These were made by using
Archimedes Methcd for determining densities. The variation in
density with rolling is shown in Figure 18. After heat treating
at 350°C and air cooling, the densitv of the pure zinc was 7.1522

gns/cn . The zinc recrystallized after a 90 percent reducticn

28
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Table VII. Values of the_Integrated Areas
Under the (1011) Pole Figure Trace
for Zinc/Copper

Percent Reduction Area Under _the Area Under the Peak Area (100)
by Rolling Peaks (inz) Background (in?) Total Area
25 124.7 246.1 33.6
50 129.1 266.7 32.6
75 93.6 228.4 29.1
90 71.2 225.4 24.0 j
95 73.9 212.5 | 25.8
98 69.6 . 216.2 24.3
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Figure 16: vVariation in the X-Ray Peak
Area Divide” bv Tntal Area versus
Percent Reluction f£or Pure 2inc
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Figure 17: Variation in the X-Ray Peak
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because there is a peak in the density. Furither rolling caused
the density to decrease. Figure 19 shows the variation in
density with rolling for the zinc with 88 ppm. of copper.
The original heat treated and air cooled density was
7.1528gms/cm and this density decreased to a 90 percent

reduction.

Relaxation occurred at a 95 percent reduction with a peak in
the density curve. Further cold rolling caused the density to
drop again. In summary, the pure zinc underwent relaxation at a
90 percent reduction whereas the zinc with copper relaxed after a
95 percent reduction, The figures for thé x-ray percent
crystalline material agree very well with the curves for the

density.

Microhardness profiles were obtained for the two zinc
samples using a Leco M400 microhardness tester with a 10 gram
load and a 2 second load time, FPigure 20 shows the Vickers
hardness number as a function of distance from the gfain boundary
for the pure zinc. There was a soft region about 10 microns wide
on either side of the grain boundary. In Pigure 21, the
microhardness profile for the zinc Qith 88 ppm. of copper
showed a soft region that extended approximately 50 microns on
either side of the grain boundary. Cold rolling the pure zinc
caused both the boundary hardness and grain hardness to decrease

as seen in Figure 22,
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Figure 19: Variation in Density with Cold
Rolling Zinc-88 ppm. Copper
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After rolling to a 90 percent reduction, the soft region
extended out to 20 microns from the boundary. This soft 20
micron region was a large portion of the volume when the grain
size was 57 microns. In the zinc with copper, the grain boundary
region was about 20 microns wide as seen in Figure 23, The
average grain size had decreased to 42 microns after a 90 percent
reduction. Most of the volume was the soft material near the
grain boundary. Such a large volume of ductile material would

enhance the grain boundary sliding at slow strain rates.

Summary

1, Eutectic 1lead-tin, eutectic lead-antimony, and aluminum
bronze were thermomechanically processed to enhance their room
temperature ductility. Cold rolling enhanced the ductility of
the lead-tin and lead-antimony. The ductility of the

aluminum-bronze was not greatly affected by the hot rolling.

2. The ductility of the rolled lead-tin was shown to change with

time when it was stored at room temperature.

3. Different processing procedures were used to obtain
homogenecus lead-antimony eutectic. Compacting melt extracted
fibers gave the most homogeneous structure and the best tensile
results but proved to be difficult to apply on a larger

production scale.
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88 pem. covner snowed the existence of a soft grain boundary
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region which is 20 microns wide on either side of the grain

boundary after a 90 percent reduction in thickness.

This high entropy material accounted for a large volume of

the grains since the grain size was only 50 microns.

S. The x-ray texture studies on the rolling of pure zinc
indicated that a strong rolling texture developed and that it was
necessary to integrate the areas under the texture spectrum. The
peak area ratio to total area ratio was calculated by dividing
the area under the peaks above the background level by the total
area. This value can be visualized as a relative measure of the
volume percent of perfect crystalline material to the total
volume. These values showed that the pure =zinc underwent
relaxation after a 90 percent reduction. In the zinc with
copper, the relaxation occurred after a 95 percent reduction in
thickness. From these results it seems that the ductility
enhancement was due to the presence of the highly disordered
material within the polycrystalline mass. This metastable grain

boundary material was required for the enhanced ductility and

with time the material underwent relaxation to a more «crytalline

structure,
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o .
o Recommendations for Future Work
22
, The zinc experiments reported on suggest that a more room
n{ temperature stable metal should be used to verify the wide, soft
N
+§ grain boundry regions in the ductility enhanced material. With
such a stable material the boundry structure and its relaxation
fﬁ{ with time and temperature can be determined. The selection of
b .
o such a candidate material will be difficult but the work of
[ 34
Shei and Langdon (8) indicates that the copper base alloy
Uyt
ftf Coronze CDA 638 becomes superplastic with proper thermo-mechanical
o
;tf treatment. The difficulty with using this alloy is that although
WY
> primarily single phase, it is a quartenary.
A
42 It is recommended that future work consist of using pure
P
iﬁﬁ copper as the candidate material and carrying out a program to
%,
find which single element micro-alloy addition will render the
- material superplastic with the appropriate thermo-mechanical
‘jk treatment. Once a good system is selected then the grain boundry
‘j affected volumes should be studied by SEM and X-ray to estaklish
f}{ their structure and stability.
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