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PLASTIC DEFORMATION IN GROOVED ROLLS

Henry A. Saller, John R. Keeler, and Liee J. Cuddy

The direction and extent of lateral deformation during the rolling
- of rod in grooved rolls was investigated. Composite uranium ingots and
laminated ingots of colored modeling clay were used to investigate the
deformation in diamond, oval-round, hand-round, and the FMPC breakdown
- rolls.

X-ray diffraction studies for preferred orientation were made on
small areas of the cross section of uranium rod rolled in the standard
FMPC schedule and on sections of rod rolled in diamond grooves. A
tendency for the (002) planes to align parallel to the direction of lateral
flow was observed in sections near the surface of the rod. At the center
of the rod, no correlation was found between the direction of flow and
the orientation.

The coefficients of thermal expansion in two radial directions in a

diamond-rolled rod were the same, although marked differences in the
. direction of lateral flow in these areas had been observed.

INTRODUC TION

A study of the deformation characteristics of uranium in grooved rolls
was undertaken for the National L,ead Company. This study was to provide a
basis for possible improvements in the uniformity of the rolled rod produced
for the Hanford and Savannah River reactors,

At present, uranium ingots are rolled in a 20-in, roughing mill, using
typical steel-mill practice of bullhead-edger passes with a final oval reduc-
tion, After reheating, the oval billet is finish-rolled in a six~-stand continuous
finishing mill in alternate oval-round grooves,

Although the rolling characteristics in these rolls are good and the re-
sulting rod has good surface quality, some evidence of inhomogeneity in the
rod has been observed by some techniques. In the as-rolled rod, the radial
transmission for ultrasonic energy varies around the circumference and
shows a maxima on two diameters roughly 90 deg apart. Although beta
quenching generally eliminates this phenomenon, a tendency to split at the
original maxima persists during subsequent thermal stress cycling.
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The present investigation was undertaken to determine the manner in
which plastic deformation occurs in the FMPC rolls and in other roll shapes
and to attempt to correlate the deformation characteristics with the crystal-
lographic and physical properties of the rolled rod,

In order to reduce the cost of rolls and facilitate the investigation, a
modeling clay, Plasticine, which is available in various colors, was used as
a stand-in for metallic uranium. This material has been used in earlier
studies of plastic deformation with considerable success(1,2,3, 4)*, and
initial tests comparing its deformation with that of uranium indicated a close
correlation in the plastic-deformation characteristics,

The deformation of Plasticine in the various types of grooved rolls used
to produce a round rod was investigated. Subsequently, an effort was made
to correlate the observed flow characteristics with X-ray diffraction data
obtained on similarly rolled uranium rod,

PRELIMINARY ROLLING STUDIES

Any study of the plastic deformation during rolling is complicated by
the necessity for devising methods of detecting and measuring the direction
and amount of deformation in the metal without interfering with the flow.
Experimental studies with grooved rolls are further complicated by the
variety of groove shapes possible, and the high cost of rolls. Therefore,
the use of a plastic clay was considered so that low-cost wooden rolls could
be used, AL

Preliminary studies were made to determine whether the flow of such
a clay in grooved rolls would correlate with the flow of uranium in similarly
shaped grooves. ‘

Preparation of Composite Uranium Ingots

Two types of composite uranium ingots were prepared for this study.
The most successful of these was an ingot which contained longitudinal in-
serts, Five holes, 3 in, deep by 3/16 in, in diameter were drilled parallel
to the axis of a 1-7/16-in, -diameter ingot at the positions shown in Figure 1.
Pins were machined from swaged uranium rod to fit into each of the holes,
the pins were held in place by a weld at the end. Prior to rolling, the com-
posites were beta heat treated to homogenize the structure. After rolling,

*References at end.
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10

the shape of the insert gave an indication of the deformation which had
occurred. In preparing the other type of composite ingot, two zirconium
wire grids with 1/2-in. spacing were cemented into a cylindrical graphite
mold perpendicular to the axis of the mold., Uranium was bottom poured
into the mold to produce a solid ingot having zirconium grids at intervals
along the length. After rolling, the rods were sectioned and the deformation
of the grids determined radiographically. As indicated in subsequent sec-
tions, evidence of gross deformation could be observed with the grid-type
composite ingot, but the pin-type ingots were much easier to prepare and
examine,

In addition to using composite ingots, an attempt was made to show the
direction of flow by macroetching partially rolled uranium ingots. Sections
were cut from uranium rods rolled through different grooves, and etched
electrolytically in a 15 per cent phosphoric acid solution at a current density
of 0,5 amp per cm? for a period of 5 to 10 min,

Some evidence of flow could be observed during the initial stages of
reduction before recrystallization had occurred, The flow lines were not
clear, however, and this method was not considered a satisfactory means of
determining the direction or extent of local deformation,

Efforts to utilize a grain-boundary precipitate to outline the grains and

thus provide a grid work which would show the effects of deformation were
also unsuccessful.

Preparation of Composite Plasticine Ingots

Composite Plasticine ingots were used for comparison with the
uranium, These were prepared by cementing together, with benzene, alter-
nate sheets of blue and white Plasticine which had previously been rolled to
uniform thickness, Ingots were cut from these laminated blocks to the sizes
and shapes necessary to enter the various sets of grooved rolls,

The composite ingots of uranium and Plasticine were rolled through
similarly shaped grooves, and the local deformation in the cross section of
the rods determined. A few Plasticine ingots WCre~-r011ed in the steel roll-
ing mill, but the handling and guiding problem made it difficult and unsafe.
Therefore most of the Plasticine was rolled in wooden rolls similar, but
not identical, to the steel rolls,

Figure 2 shows the shape of the grooves cut in the wooden rolls.
These include the complete FMPC breakdown and finishing grooves for
Hanford rod, and diamond breakdown grooves, and hand-rounding grooves
similar in design to those at Simonds Saw and S!;év'el Company. All of these

~CONFIDENTIAL
ol B R At .

L2 s o o
. e o o . ® oo o o

L L] * e o L
®e 00 o ¢ ess o ese_ e
L3

XYY
.

seceve

eoeves



ee o & see o see sa

4

o 8 &

( & A 4 3 g : § w ”
T REEITTI
1 2 °3 7 9 =
b ] [ew =S w—
A L !
IL—J . ﬂ@aq‘ :F — L -.72_ g_/\\___._f—\___./—\ \ : H
N22306 N22309
Roll W-1, Model of FMPC Roughing Rolls Roll V;,‘li’l sﬁg‘;e;;’flf MPC
1 ) A T
- ' N | N[ N[N N I I
gl g egt! dlgl] dbat] dba| mmtlfemelrac] nan||ter|lnae

8"

hd

|
-

8

H

H
——

l__. :

!

2

i

22"

| |
1PNV NZaNZa N NN AN

N22308
4 LU~

Roll W-2, Model of Simonds Roughing Rolls N22307

Roll W-4, Model of Simonds
Finishing Rolls

FIGURE 2, FOUR SETS OF WOODEN ROLLS USED TO ROLL PLASTICINE

11




CONTIDENTIAT—

12

grooves are one-half scale models of the respective rolls userd;‘for..‘;;‘i'ani-uir‘n
production,

The composite uranium billets were rolled in the Battelle 8 by 12-in,
and 5 by 8-in, experimental mills, Figure 3 shows the design of the rolls
available for these mills,

Effect of Rolling Variables on Plasticine Deformation

Prior to rolling the Plasticine ingots for comparison with uranium,
several exploratory tests were made to determine the effect of lubrication,
rate of reduction, and hardness or plasticity on the rolling characteristics
of the Plasticine,

Of these rolling variables, lubrication had the most significant effect
on the flow characteristics, Two sets of similar Plasticine ingots were pre-
pared and rolled, using the schedule shown in Table 1, One set was rolled
dry with only a light dusting of talcum powder to prevent sticking. The other
set was lubricated before each pass with Polyethylene 600, a water-soluble
organic compound of high lubricity, Figures 4 through 7 show the flow
patterns observed at various stages in the reduction,

TABLE 1. ROLLING SCHEDULE FOR PLASTICINE INGOTS ROLLED ON MODEL FMPC
BREAKDOWN ROLLS

Roll Parting,

Pass Groove in,

1 Bullhead 2-1/8

2 Bulthead 1-15/16
3 Bullhead 1-11/16
4 Bullhead 1-9/16
5 No, 1 - Edger 5/8

6 No, 1 - Edger 7/16
7(a) No. 1 - Edger 11/32
8 No, 1 - Edger 174

9 Bullhead 1-1/4
10(2) No, 2 - Edger 11/16
11(a) No. 2 - Edger 3/8
12 No, 2 - Edger 1/4
13 Bullhead 1-1/8
14(2) No, 3 - Edger 3/8
15(3) No. 8 - Edger 5/16
16 No, 3 - Edger 1/4
17 No. 7 - Oval 1/8
18(3) No, 9 - Preoval 1/4
19 No. 9 - Preoval 1/8

(a) Pass added to FMPC schedule to reduce overfilling,
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FIGURE 4. SECTIONS OF UNLUBRICATED PLASTICINE INGOT AND ROD AFTER ROLLING THROUGH
PASSES 4, 8, 9, 12, 13, 16, 17, AND 19 IN THE MODEL FMPC ROUGHING ROLLS
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FIGURE 5. SECTIONS OF LUBRICATED PLASTICINE INGOT AND ROD AFTER ROLLING THROUGH
PASSES 4, 8, 9, 12, 13, 16, 17, AND 19 IN THE MODEL FMPC ROUGHING MILL
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FIGURE 6. SECTIONS OF UNLUBRICATED PLASTICINE INGOT AND ROD AFTER ROLLING THROUGH
PASSES 4, 8, 9, 12, 13, 16, 17, AND 19 IN THE MODEL FMPC ROUGHING ROLLS
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SECTIONS OF LUBRICATED PLASTICINE INGOT AND ROD AFTER ROLLING THROUGH PASSES 4,8, 9,
MODEL FMPC ROUGHING MILL
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The shapes of the lamina indicate tha.i: lubrlcatlon 1ncreased the uni-
formity of deformation, Both horizontal and. vertlcal lamina had a greater
tendency to remain straight and parallel during the reduction, This is partic-
ularly evident in the sections of the finished billet, Lubrication also reduced
the horizontal spread in the rolls and decreased the amount of finning ob-
served,

The effect of plasticity of the clay was investigated by rolling several
ingots which had been prepared from Plasticine containing added amounts of
talcum powder. The addition of the talcum powder increased the hardness
and decreased the plasticity of the standard grade of material, The hardened
clay was quite short and broke under a tensile load with less elongation than
the as-received clay,

The "hard'" ingots were rolled in the FMPC breakdown rolls and the
deformation pattern of the lamina compared with that of similarly rolled
standard Plasticine ingots, The marked difference in plasticity had little
effect on the deformation patterns observed, The horizontal spread of the
ingot in the rolls was greater with this harder material, and this resulted in
a tendency to overfill the grooves and produce fins; however, the shape of the
lamina in both cases was essentially the same after the final pass,

Increasing the draft or rate of reduction to that shown in Table 2 in-
creased the amount of horizontal spread when rolling the standard as-
received Plasticine. This was particularly evident in the edger passes when
the increased spread resulted in overfilling and slight finning, However, the
over-all effect on the direction and amount of lateral flow as indicated by the
shape of the lamina was not great,

TABLE 2, ROLLING SCHEDULE FOR RAPID REDUCTION OF PLASTICINE
INGOTS ON MODEL FMPC BREAKDOWN ROLLS ‘

Roll Parting,

Pass Groove in,

1 Bullhead 2

2 Bullhead 1-9/16
3 No, 1 - Edger 1/4

4 Bullhead 1-1/4

5 No, 2 - Edger 1/4

6 Bulthead 1-1/8

7 No. 3 - Edger 1/4

8 No, 7 - Oval 1/8

9 No. 9 - Preoval - 1/8

On the basis of the above results 1t wa's concluded that small var1at1ons
in plasticity from lot to lot of the Plastlcme would not significantly affect the
deformation characteristics of the material, Similarly, considerable
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latitude was possible in the rolling schedule without appreciable changes in
the flow patterns observed. In all of the subsequent rolling, however, a
lubricant was used,

Comparison of Deformation in Uranium and Plasticine

Following the above preliminary studies with Plasticine, the lateral
deformation of uranium and Plasticine was compared for the following groove
shapes; bullhead or flat reduction of an initially round ingot, diamond, dia-
mond plus hand rounds and finally diamond-oval-rounds.

The composite uranium ingots, 1-7/16 in, in diameter and containing
longitudinal pins, were rolled as shown in Table 3. The samples were
heated to 1175 F in a carbonate salt bath and reheated after every third or
fourth pass as required,

The Plasticine ingots were rolled in similarly shaped wooden rolls to
the same over-all reductions,

After rolling, the rods of both materials were sectioned and the de-
formation of the various inserts measured, In both uranium and Plasticine,
the ratio, %, of the final width, W, and height, H, of the inserts was taken

as a measure of the lateral deformation. For pins which were not located on
the horizontal or vertical axes of the cross section, a radius was drawn from
the center of the rod through the center of the insert, The maximum dimen-
sions of the insert were then measured in the radial direction and also per-
pendicular to the radius, The ratio of these dimensions was taken as the
induction of the amount of deformation, Thus in the diamond rod, the inserts
on the diagonals of the diamond were on the vertical and horizontal axes but
inserts at the flat sides of the rod were on radii drawn from the center of the
rod,

A summary of the rolling conditions and deformation is shown in
Table 3. The appearance of the cross sections is shown in Figures 8 and 9.

In order to measure the deformation in the Plasticine, two ingots were
rolled, one with the lamina vertical and one with the lamina horizontal,
Each of these was photographed after sectioning and the negatives super-
imposed, A print was then made which was a composite and showed the
change in shape of initially square segments,

The direction of flow in both materials appears to be quite similar,
This is particularly evident in the diamond grooves where the inserts at the
corners of the diamond tend to elongate on the diagonal axes and inserts at
the flat faces elongated parallel to that face,
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TABLE 3, COMPARISON OF DEFORMATION IN URANIUM AND PLASTICINE INGOTS AFTER ROLLING IN SHAPED GROOVES

eveses

H
Diameter Description of Rolls Reduction Deformation (Ratio w of Segments)

Ingot of Ingot, Diameter, in Area, Vertical Horizontal Diagonal
Material in, Shape Rol1s(2) Material in, per cent Center Axis Axis Axis®
Uranium 1-7/16  Flat - Steel 8 317,5(¢) 0,47 0,52 0.80 -
Plasticine 2-1/2 Flat - Wood 11 35, 5(1) 0.45 0.47 0,82 -
Uranium 1-7/16  Diamond s-1(8) Steel 8

§-3 Steel 5 80 (total) 1,20 1,74 0.61 0,69
Plasticine 2-1/2 Diamond W-2 Wood 8 80 1,28 1,42 0.58 0,73
Uranium 1-7/16 Diamond plus  S1(€)+53 Steel 8+5
hand round S-4 Steel 5 90 (total) 1.10 1.20 0.83 0.96
Plasticine 2-1/2 Diamond plus W-2 Wood 8
hand round w-4 Wood 11 88 (total) .07 0.88 1,00 0.97 ;

|

(a) See Figures 2 and 3.

(b) Ratio of radial dimension to width perpendicular to radius. P
(c) Reduction in thickness, four passes at roll settings of 1.22, 1.10, 0,98, and 0.90 in. ;.
(d) Reduction in thickness, four passes at roll settings of 2. 125, 1.94, 1.69, and 1.56 in.
(e) Diamond grooves only.
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The amount of deformation as indicated by the change in height and
width of the segments also showed good agreement, although, as is indicated
previously, the two materials were rolled in different sets of rolls,

One direct comparison between the two materials was made, A com-
posite uranium ingot containing a zirconium grid was rolled in the diamond-
oval-round series, Roll S1, Figure 3, and a Plasticine ingot was rolled in
these same rolls, The shape of the grid and lamina after the first three
passes and in the finished rod is shown in Figure 10, Both materials show
an S-shaped flow resulting from the orientation of the square on entry into
the oval groove, but no quantitative data were obtained.

PLASTICINE FLOW PATTERNS

After establishing the general similarity of flow in Plasticine and
uranium, the flow characteristic of Plasticine in the FMPC breakdown rolls
and diamond grooves as well as in several additional groove shapes was in-
vestigated, The additional shapes included: (1) the complete FMPC schedule
of breakdown plus finishing grooves, (2) oval-round reductions, and (3) hand-
round reduction.

Several samples were also rolled to investigate the effect of the initial
shape of the ingot on the flow in various grooves,

FMPC Breakdown Rolls

Figure 11 is a composite photograph prepared from the negatives of
Figures 5 and 7 and shows the lateral deformation of initially square seg-
ments of area in the billet at various stages in the reduction, All of the
photographs are oriented on the page so that the initial vertical axis in the
first pass is vertical, and the same segment of area is at the top in each
photograph., Since the bars are turned 90 deg between grooves, the com-
pression axis in the photographs changes from vertical to horizontal in each
succeeding view,

The shapes and dimensions of the segments indicate that during bull-
heading the center portion of the ingot is compressed and spreads laterally,
Segments near the rounded edges tend to remain nearly square. On the
vertical axis through the center of the bullheaded section, the elements at
the center spread more than segments near the roll surface where roll
friction tends to restrict the lateral movement., The edger passes work the
material in the opposite direction and tend to return the segments to a square

shape; however, some lateral spread persists after the third edger reduction,
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1X N15829

1X Radiograph

FIGURE 10, SECTIONS OF COMPOSITE PLASTICINE INGOTS (UPPER)
AND URANIUM INGOTS (LOWER) AFTER TWO STAGES OF
ROLLING THROUGH THE 8-IN, MILL, DIAMOND-OVAL-
ROUND GROQVES
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FIGURE 11,

N23806 N23818

N23805

N23819 N23821

N23823

COMPOSITE PHOTOGRAPHS OF SECTIONS OF THE ORIGINAL INGOT AND ROD SHOWN IN FIGURES 5 AND 7
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The oval pass following the third "eéliyrgA/e'r' 'pr'od‘{»iyces the greatest amount of non-
uniform deformation. Spread in this pass is severely restricted at the roll
surface by the shape of the roll, and occurs primarily along the horizontal
axis, The final pass again reverses the flow and results in a more nearly
uniform shape in the segments,

With the exception of segments lying on, or close to, the horizontal
and vertical axis, the direction of flow is not parallel to these axes, Ele~
ments located in the area between the axes assume a rough parallelogram
shape indicating the direction of flow. A reversal in the direction of flow in
these areas occurs in the first oval groove,

In addition to round billets, a 2-1/2-in, -square billet and a billet
shaped similar to the bullheaded round were rolled in these roughing rolls,
The latter billet was entered directly into the first edger pass and subse-
quently rolled on the same schedule as round billets, The flow was not
significantly changed by eliminating the first bullhead reduction. Although
there was slightly less lateral flow evident in the initial stages of the re-
duction, the final oval rod had an almost identical flow pattern to that of an
initially round billet,

The square billet was rolled on the same schedule as the round billets
and reduced more uniformly in the initial bullhead pass, Subsequent edging,
however, resulted in flow lines similar to those obtained with a round billet,
In succeeding passes, the flow patterns observed with both square and round
ingots were quite similar,

FMPC Finishing Grooves

After the initial breakdown at FMPC, the oval billet is reheated and
finish rolled in a series of six oval-round grooves, Figure 12 shows the flow
pattern in an oval billet finished in this series of grooves. Also shown are
the flow patterns of a 1-1/4-in, ~round section rolled through these same
grooves, Composite photographs of both rods are shown in Figure 13,

The flow in the oval groove was similar to that previously observed in
the oval on the breakdown rolls, Most of the lateral spread occurred on the
major axis of the oval, and the spread at the roll surface was restricted,

The subsequent round groove reversed the direction of flow and produced an
undistorted square pattern in the final rod. The shape of the starting billet
had little effect on the final flow pattern, Both the oval billet from the FMPC
breakdown and the round ingot showed similar deformation patterns, although
in the first oval groove, the FMPC billet failed to fill the groove completely.
Subsequent round and oval passes filled satisfactorily and the final round
section had essentially undistorted square segments similar to those obtained
with the round ingot.
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FIGURE 12, SECTIONS OF ROUND INGOTS (TOP) AND OVAL FMPC BILLETS (BOTTOM) AFTER EACH PASS IN THE MODEL FMPC FINISHING ROLLS
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FIGURE 13, COMPOSITE PHOTOGRAPHS OF SOME OF THE SECTIONS OF THE INGOTS
SHOWN IN FIGURE 12



Diamond Grooves

Sections of 2-1/2-in, -diameter laminated ingots which were rolled
through the diamond grooves (W-2, Figure 2) are shown in Figures 14 and
15, A composite photograph is shown in Figure 16, The ingots were passed
twice through each groove, being turned 90 deg after each pass. The total
reduction in area was 80 per cent,

The first groove did not fill completely and only slight distortion of the
initially square segments occurred, The second pass, however, filled com-
pletely, and the lateral flow on the diagonal axis of the diamond rod is
readily apparent in subsequent grooves, As indicated in the previous dis-
cussion on the flow of uranium in similar diamond grooves, the flow adjacent
to the flat sides of the diamond was parallel to these faces,

The deformation pattern in a 1-3/4-in, -square billet rolled in these
diamond grooves is shown in Figures 17 and 18, These ingots were entered
in the fourth groove and rolled from that point in the same manner as the
round ingots. The total reduction in area was 73 per cent,

The deformation was much more uniform than that obtained with round
ingots. The lamina remained nearly straight and parallel, particularly the
lamina in the horizontal direction,

In comparing the reduction of initially round and square ingots in
diamond grooves, it is evident that the distortion or nonuniform lateral flow
observed with the former is the result of the change in shape. The nonuniform
flow occurs in the initial passes where the shape is changed from a round to
a diamond, Subsequent reductions do not materially alter the shape of the
lamina,

Hand-Rounding Grooves

The hand-rounding grooves (see Figure 2) were modeled after the
finishing grooves at Simonds Saw and Steel Company. The reduction in these
grooves is only 33 to 38 per cent compared to a total reduction of 45 per cent
during finishing at Simonds, This is the result of omitting the final groove
because of lack of space on the wooden roll body,

The deformation of diamond billets produced in the diamond breakdown
rolls, and of 1-1/8-in, -diameter ingots in these rolls is shown in Figure 19,

The round ingot was reduced quite uniformly and both vertical and
horizontal lamina remained straight and parallel.
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FIGURE 14. CROSS SECTIONS OF A 2-1/2-IN, -DIAMETER INGOT AND ROD AFTER FIRST AND SECOND PASSES THROUGH THE FIRST,
THIRD, FOURTH, SIXTH, AND EIGHTH GROOVES OF THE MODEL SIMONDS ROUGHING ROLLS
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FIGURE 15, CROSS SECTIONS OF A 2-1/2-IN, -DIAMETER INGOT AND ROD AFTER FIRST AND SECOND PASSES THROUGH THE FIRST,
THIRD, FOURTH, SIXTH, AND EIGHTH GROOVES OF THE MODEL SIMONDS ROUGHING ROLLS
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FIGURE 16, COMPOSITE PHOTOGRAPHS OF SECTIONS OF TWO PLASTICINE INGOTS AND OF ROD AFTER FIRST AND SECOND PASSES THROUGH
THE FIRST, FOURTH, AND SEVENTH GROOVES OF THE MODEL SIMONDS ROUGHING ROLLS
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FIGURE 17, SECTIONS OF A 1-3/4-IN, SQUARE INGOT AND OF THE ROLLED ROD AFTER FIRST AND SECOND PASSES THROUGH
THE FOURTH, SIXTH, AND EIGHTH GROOVES OF THE MODEL SIMONDS ROUGHING ROLLS
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FIGURE 18, SECTIONS OF A 1-3/4-IN, -SQUARE INGOT AND OF THE ROLLED ROD AFTER FIRST AND SECOND PASSES THROUGH
THE FOURTH, SIXTH, AND EIGHTH GROOVES OF THE MODEL SIMONDS ROUGHING ROLLS
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FIGURE 19, SECTIONS OF DIAMOND BILLETS (TOP) AND ROUND INGOTS ROLLED THROUGH HAND-ROUNDING ROLLS
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The flow in the diamond billet produced from a round ingot was such
that the curved lamina produced by the breakdown tended to straighten in the
hand-round reduction., The resulting flow pattern in th”,é’ final round rod
looked quite uniform, Both horizontal and vertical lamina were nearly
straight and parallel after the final pass, There is some unsymmetrical
distortion in the shape of the lamina which is probably the result of entering
the rod into the groove with the lamina cocked at an angle to the vertical
axis,

CORRELATION OF PHYSICAL PROPERTIES OF
URANIUM AND PLASTIC FLOW

A limited study of the crystallographic orientation of uranium in small
local areas of the cross section of rolled rod was made in an effort to corre-
late the orientation with the direction of lateral flow., Thermal-expansion
measurements also were made in selected radial directions to determine
whether the effect of lateral flow could be detected. Similarly, the ultra-
sonic transmission characteristics of an FMPC rolled rod were measured
with reference to the vertical axis of the rod in the final groove,

X-Ray Diffraction Studies

Selected areas in three types of rod were examined by X-ray diffrac-
tion, and the amount of preferred orientation estimated by the method de-
scribed by Harris(5). The rods examined were the FMPC oval billet, the
FMPC finished rod, and a diamond-shaped rod rolled at Battelle, The for-
mer FMPC rods were rolled under normal FMPC production conditions ex-
cept that the vertical axis in the final pass in the finishing rolls was marked
for a reference point, The diamond rod was a solid section of the same rod
which contained the inserts shown in Figure 9, This rod was rolled at 1150
to 1175 F to a total reduction of 80 per cent.

In order to confine the area examined to as small a cross section as
possible, the samples were not rotated or moved during the X-ray examina-
tion, The grain size of the uranium was small, 0,02 mm, and the results
obtained from separate runs on adjacent areas were in fair agreement, How-
ever, some anomalies were observed which may have been caused by the
relatively small number of grains exposed to the X-ray beam,

Figure 20 shows the method of sectioning each rod and the areas
examined, Inverse pole figures for each of the areas are shown in Fig-
ures 22 to 24. Each quadrant on the stereographic net represents a separate

area of the rod. The intensities of the various poles relative to the
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intensities for a random sample are shown and were calculated by the
method of Mueller(6), Because of the limitations of the North American-
Phillips Geiger counter X-~ray diffraction unit using CuK radiation, only 18
unequivocally indexed reflections of these poles on the stereographic pro-
jection are shown in Figure 21. A pole intensity of five corresponds to a
random orientation; higher intensities indicate a concentration of the pole.
Contour lines were arbitrarily drawn to separate several levels of intensity.

The direction of flow in the diamond-shaped bar was previously shown
by the shape of the inserts in this bar, The pole figures for this bar indicate
a tendency for the (002) planes to align parallel to the direction of flow., Thus,
a concentration of the (002) poles was observed perpendicular to the flat faces
and perpendicular to the diagonal axis of the rod, Position B and D in Fig-~
ure 20, In the axial direction, Positions A and E, the (041) pole showed the
highest concentration with a relatively high concentration of (110) poles near
the surface at Position E,

The FMPC oval-billet showed a high concentration of the (002) poles
perpendicular to the major axis close to the surface Position G; but at the
center, where a similar concentration would be expected on the basis of the
flow patterns, Position F, the highest pole concentration was (011), An
anomaly exists at the center where the pole concentrations in the three
orthogonal directions are not consistent,

A smaller concentration of (002) poles was also found perpendicular to
the minor axis and near the surface, Position D, Some concentration of
these poles also was found at Position H which is at the surface midway
between the axes., The latter concentration is consistent with the Plasticine
flow pattern in the two oval grooves, The Plasticine flow pattern indicates a
gradual transition from flow perpendicular to the minor axis at the center of
the rod to flow parallel to this axis at the surface, However, the amount of
flow indicated at the surface of the Plasticine is slight, and the relatively
high concentration of (002) poles observed in the uranium at Position D may
be the result of slight finning which may have occurred in the final groove.

The finished FMPC round also showed a tendency to have (002) planes
aligned parallel with the direction of flow except at the center of the rod,
Thus, a high concentration of (002) poles was found at Positions B and D
but at Position E the highest concentration was of the (011) and (023) poles.

The principal conclusions resulting from these limited X-ray diffrac-
tion studies were that there is a nonuniform radial distribution of preferred
orientation and that there is a tendency for the (002) planes to align parallel
to the direction of lateral flow near the surface of the rod. The orientation
at the center of the rod could not be correlated to the flow pattern,
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FIGURE 22. INVERSE POLE FIGURES FOR THE FIVE POSITIONS INDICATED
ON THE BATTELLE- ROLLED DIAMOND URANIUM BAR
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Thermal-Expansion Measurements

Dilation tests were run on specimens cut in different directions in a
diamond-rolled uranium .rod in an effort to determine whether the direction of
flow caused a significant change in the thermal-expansion characteristics.

Specimens 1/8 in, square and 7/32 in, long were cut as shown in
Figure 25 and the thermal expansion in the two radial directions measured,
The deformation of inserts in a similarly rolled rod indicated that the
principal flow occurred parallel to the direction of measurement in one case
and perpendicular to the direction of measurement in the other,

The thermal expansion between 35 C and 150 C was measured in an
interferometer by the method described by Merritt(7) and the results are
shown in Figure 26, No difference between the two samples could be de-
tected. Both samples had a coefficient of expansion of 17,5 by 10-6 in, /in, /
C.

Although the samples were as small as practical, the area covered
was a significant part of the cross section and the effect of flow in the small
segments of area near the surfaces may, therefore, have been obscured,
However, the results indicate that gross differences in thermal expansion
coefficients in the two directions are not produced by differences in the
lateral flow.

Ultrasonic-Transmission Properties

The ultrasonic-transmission properties of several sections of the
FMPC rolled uranium rod were measured using l-megacycle ultrasonic
energy. The specimens were submerged in water with the transmitting and
receiving crystals placed diametrically opposite; the ultrasonic beam was
transmitted by a l-in, -square crystal and received by a 1/4-in, -square
crystal., The strength of the received signal was indicated by the height of
the peak observed on a cathode-ray oscilloscope.

Initial studies were made on a machined reject slug received from
FMPC. The slug was rotated through 360 deg between the crystals, and the
relative strengths of received energy were plotted on polar coordinate paper.
This test was repeated at three points along the length of the bar, Results
from one of these positions are shown in Figure 27, This figure illustrates
the definite four-peaked pattern observed at each position,

In an attempt to correlate the sonic pattern with the flow pattern,
similar tests were made on sections of the unmachined rod rolled at FMPC,
which had the position of the vertical axis inthe final pass marked. A
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FIGURE 25. LOCATION OF SPECIMENS CUT FROM DIAMOND-ROLLED
ROD FOR DILATION TESTS
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nonuniform pattern was observed at each of three points along the length of
this rod, as shown in Figure 28, It appears from this pattern that the peaks
of transmission occur at approximately 45 deg to the vertical axis.

A similar test run on a section of the same rod after beta heat treat-
ment produced an almost completely uniform pattern around the entire 360
deg (Figure 29).

Although the data are limited, both X-ray diffraction and Plasticine
flow patterns indicate that the direction of flow in the FMPC f{finishing grooves
is primarily parallel to the major axis of the oval. Flow at the roll surface
is restricted by roll friction and by the shape of the roll, The peaks in the
sonic-transmission characteristics thus may be associated with areas of
minimum flow or, conversely, the minima may be related to a lowering of
the transmission characteristics along the vertical and horizontal axes
where maximum lateral flow occurred,

CONCLUSIONS

Preliminary studies of the deformation of Plasticine and uranium in
similar grooved rolls indicated that the clay could be used as a stand-in for
uranium metal, The radial flow patterns in variously shaped rolls were
determined with Plasticine billets made up of colored lamina, The deforma-
tion in the FMPC roughing rolls, FMPC finishing rolls, and in diamond and
hand-~rounding rolls was studied,

Nonuniform radial deformation was observed in rolling a round billet
in either the FMPC breakdown rolls or in diamond grooves, The reduction
of a square or shaped billet in the FMPC roughing rolls resulted in essentially
the same flow pattern as was obtained with a round billet. A square billet
reduced in diamond grooves, on the other hand, resulted in a uniform radial
flow pattern,

In the FMPC f{finishing rolls, which have a series of alternate oval and
round grooves, the principal deformation occurred along the major axis of
the oval., Flow at the surface of the rod adjacent to the rolls was restricted
by the shape of the groove and by friction with the roll, In a finished rod
rolled in these rolls from a round billet, the deformation appeared to have
been quite uniform over the entire cross-sectional area of the rod,

In hand-rounding grooves, the radial deformation of an initially round
billet was quite uniform throughout the entire series of reductions. An
initially square billet, resulting from the breakdown of a round in diamond
grooves, was deformed in such a manner as to equalize the nonuniform
radial deformation produced during the breakdown,
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X-ray diffraction studies on uranium rod alpha rolled in the FMPC
breakdown and finishing rolls and on a round billet rolled in diamond grooves
indicated a tendency for the (002) planes to align parallel to the direction of
radial flow near the surface of the bar. At the center of the bar, no corre-
lation of pole concentration with the direction of flow was observed.

Ultrasonic~transmission characteristics of an as-rolled FMPC rod
showed the typical maxima on two diameters at right angles to each other,.
These maxima occurred at approximately 45 deg to the vertical axis of the
rod in the final groove, The data available indicate a correlation of these
maxima with the areas showing the least amount of lateral flow and the
lowest degree of preferred orientation,
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