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TUBING FABRICATION PARAMETERS AND THEIR APPLICATION 
TO TEXTURE CONTROL IN ZIRCALOY TUBING 

D. 0. Hobson 

ABSTRACT 

Tubing fabrication involves combinations of strains 
imposed upon the material to effect required dimensional 
changes. In this study we have analyzed those strains from 
the standpoint of type of fabrication operation and have pro-
duced a graphical method for plotting fabrication paths. 
Such a method is applicable to operations, such as tube 
reducing, in which the inside surface dimension of the tubing 
is controlled throughout the fabrication step. Other opera-
tions, such as rod-mandrel drawing, required additional anal-
ysis of the true strains involved. 

Texture formation in Zircaloy tubing is dependent upon 
the ratio of true wall thickness strain to true circumferen-
tial strain at any point in the tube wall. We have charac-
terized texture formation with fabrication parameters and 
have shown how texture control can be achieved with all common 
fabrication processes. 

INTRODUCTION 

The purpose of this study is to provide a theoretical background 
for handling fabrication parameters and to examine the effect of fabri-
cation deformation on textures developed in tubing. Emphasis here is 
on Zircaloy tubing, but the parametric method is applicable to all 
fabricable metallic tubing materials. 

Over the years, tubing manufacturers have developed rule-of-thumb 
practices to produce tubing with desired characteristics. This report 
will demonstrate, both mathematically and graphically, the interrelation-
ships among the several tubing fabrication parameters and permit easy use 
of those parameters in designing fabrication steps that can yield tubing 
of desired sizes, crystallographic textures, and properties. Texture, or 
preferred crystallographic orientation, is one of the important factors 
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that determine the strength and deformation characteristics of poly-
crystalline metallic structures. This is particularly true in the 
highly anisotropic hexagonal metals and alloys. Part of the problem 
faced by tubing manufacturers has been caused by neglect or misunder-
standing of the specifics of the deformations undergone in fabrication 
and the relationships among texture and both fabrication deformation and 
properties of the final product. 

This study will be presented in four highly interrelated sections. 
The first deals with the parameters involved in the fabrication of a 
tube from a given starting size to a final size. The second section 
discusses the effects of such fabrication on texture formation in 
Zircaloy. The above sections will be shown to be valuable in evaluating 
fabrication operations, such as tube reduction and tapered plug drawing, 
which provide positive control of the inside surface dimensions of the 
tubing. Other operations, such as rod-mandrel drawing or swaging which 
do not exe-:. such control, require additional analysis. This is pro-
vided in the third and fourth sections, which discuss strain ratios 
within the tube wall during any type of fabrication and evaluation of 
specific fabrication experiments and their effects on texture. 

FABRICATION PARAMETERS 

Tubing fabrication is a multiparameter problem involving various 
combinations of deformation strains which determine the final tubing 
shape and size. Tubing fabrication parameters differ from those for 
plate, sheet, or other shapes both in number and in controllability. 
Typically, in sheet or plate one can control reduction in thickness, 
reduction per pass, reduction in area, roll diameter, roll velocity, 
and deformation temperature. Of these parameters, reduction in thick-
ness exerts the greatest amount of control over the final dimensions of 
the object. Although the specimen thickness to roll diameter ratio and 
the specimen width influence the spread one obtains during rc .ling, these 
are not easily controllable parameters. 

Tubing fabrication parameters, on the other hand, are much more 
amenable to control. Whereas there is only one readily controllable 
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dimension in sheet rolling — thickness, in tubing fabrication there are 
two. Both wall thickness and diameter can be controlled independently. 

The parameters considered in this study Were reduction in area, 
reduction in outside diameter, reduction in wall thickness, reduction 
in inside diameter, Q ratio and D ratio. The Q, ratio is the ratio of 
wall thickness reduction to inside diameter reduction; the D ratio is 
the ratio of inside diameter to outside diameter. 

The volume change associated with the fabrication of any metallic 
material is negligible. Therefore, the interrelationship among the 
parameters becomes a two-dimensional problem for which a series of 
simple equations can be written. In other words, the overall reductions 
of the tubing can be completely described by equations containing the 
diameters of the initial and final tubes as variables. The following 
equations are applicable for relating the initial tubing to the final 
tubing. 

d2 - d2 
rA = 1 " & 
A J)2 — D2 

o i 

* Do - Ei 

Di lDo - Di + V " doDi Q = J ^ ± iL^ ( 3) 
I D Di ( Do " Di + d J " diDo 

o 
d. 

R-r-r, = 1 ( 5 ) I D Dj 

D = - i or - i (6) 
D d w 
o o 

where 
R^ = reduction in cross-sectional area, 

Rqd = reduction in outside diameter, 
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R^ = reduction in wall thickness, 
Rid = reduction in inside diameter, 

Dq = starting outside diameter, 
D. = starting inside diameter, 
d Q = any specific outside diameter, and 
d^ = any specific inside diameter. 

Given an initial tubing size and any two other parameters, the remaining 
parameters can be calculated. The equations are applicable for one or 
many passes, 

It follows that, since all of the above parameters are related 
mathematically, it should be possible to make a multiparameter plot 
showing the interrelationships among the parameters. This was done using 
reduction in area and the Q, ratio as coordinates. Reduction in area was 
chosen because virtually all tubing fabrication processes result in a 
decrease in cross-sectional area. That is, in a practical sense, changes 
in cross-sectional area are the result of changes in other, more con-
trollable parameters. The Q, ratio was chosen as the abscissa because, 
initially, it was believed to be the parameter that distinguished among 
types of deformation in the tubing fabrication process. It was found, 
and will be discussed in detail later in this report, that the Q, ratio 
is not necessarily related to the type of fabrication the tube has under-
gone. It is still, however, a useful variable because, in combination 
•with reduction in area, it permits all other parameters to be plotted 
and their interrelationships examined. Figure 1 is such a plot made for 
a tube with an initial D ratio of 0.80. Three families of curves are 
plotted. The solid curves extending from the lower left to the upper 
right-hand side of the graph each represent a percentage reduction in 
outside diameter. The solid curves extending from the lower right to 
the upper left are percentage reductions in inside diameter. The dashed 
curves are lines of constant D ratio. All reductions and D ratios are 
cumulative, based on the starting tube size. 

If a tube with an initial D ratio of 0.80 were fabricated in such a 
•way that the reduction in area were effected by equal amounts of reduc-
tion in wall thickness and inside diameter, the ratio of outside diameter 
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Pig. 1. Multiparameter Graph of Cumulative Reductions Based on an 
Initial D Ratio of 0.80. 

to inside would remain constant. This condition is represented on the 
graph by the vertical dashed line along the Q - 1 value. Indeed, lines 
of equal constant reductions in outside and inside diameters intersect 
at the line of constant Q = 1. 

If the same tube were fabricated by a combination of outside diam-
eter and wall thickness reductions that resulted in a larger amount of 
wall thinning than diameter reduction, the D ratio of the final tube 
would be larger than the starting D ratio. The Q ratio for that reduc-
tion would also be greater than one and the point representing the final 
tube would lie to the right and above its initial representation in 
Fig. 1. If the starting tube were fabricated by a schedule that resulted 
in greater diameter reduction than wall thinning the D ratio wouid 
decrease and the Q ratio for the tube would be less than one, correspond-
ing to a point for the final tube on the left side of the figure. Simi-
lar plots for D ratios of 0.6, 0.7, and 0.9 are included in the appendix. 
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The concept that all points on the multiparameter plot represent 
cumulative reductions based on the original tube is illustrated in 
Fig. 2. Here a postulated starting tube with a D ratio of 0.80 is 
arbitrarily fabricated, by various combinations of reductions, to dif-
ferent final tube sizes. Such a picture requires little explanation. 
The D ratios associated with tubing at maximum theoretical reductions 
in cross-sectional area are zero for Q ratios less than one, equal to 
the starting D ratio at Q = 1, and are unity for Q ratios greater than 
one. 

It is obvious from the discussion above that, given any starting 
tube size, any other tube size which can be fabricated from the starting 
tube can be represented as a point on the plot. Since a starting tube 
normally undergoes a reduction or a series of reductions in diameter in 
going from its initial size to its final size, it will have a transition 
section consisting of all of the diameters between the starting size and 
the final size. Ideally, this transition section (taper section, working 
sectio.i, die section,- etc.) should be concentric about the tube axis. 

D = 0.80 ORNL-DWG 69-7038R 

0.3 0.4 0.5 0.6 0.8 1.0 /Kuuv 
Q RATIO WJ) 

30 4.0 5D 60 SO 10.0 

Fig. 2. Multiparameter Graph Similar to Fig. 1, but Containing 
Scale Representations of Tubing Cross-Section Positions at the Combina-
tions of Reductions that Would Produce Them. 
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This is the case for tube drawing and it is approximated in swaging, 
tube reducing, planetary swaging, et cetera. Any cross sections in the 
transition region can be represented by a point on the multiparameter 
plot, and these points form a path from the starting tube size to the 
final tube size. Thus, in theory and generally in practice, any fabri-
cation step can be plotted as a path on the multiparameter plot. This, 
in essence, is the chief advantage of this method. A fabrication sched-
ule can be plotted to whatever detail a fabricator desires. A multipass 
schedule can be plotted as a series of initial, intermediate and final 
tube sizes connected by straight lines or it can be plotted in detail, 
showing every aspect of each transition through the dies. In plotting 
such a schedule, the fabricator has a lesser or greater idea, respec-
tively, of what is happening to the tubing. 

EFFECTS OF FABRICATION ON THE TEXTURE FORMED IN ZIRCALOY 

Zircaloy is the generic name for alloys of zirconium with small 
amounts of iron, chromium, tin and, in the case of Zircaloy-2, liickel. 
Its crystal structure is hexagonal close packed and, due to' this struc-
ture, the properties of the material are quite anisotropic. Fabrication, 
either by sheet rolling or by tubing fabrication, produces strong tex-
ture or preferred orientation in the material. Sheet rolling produces a 
characteristic texture with basal poles lying in the plane containing 
the sheet normal and transverse directions, and with the greatest con-
centration of poles 30 to 40° on each side of the sheet normal toward 
the transverse directions. There is a noticeable lack of basal poles 
in the sheet rolling direction and the {1010} poles tend to concentrate 
in that direction during cold working. 

Tubing textures show more diversity than sheet textures, reflecting 
the greater number of degrees of freedom in tubing production. There 
is still an absence of basal poles in the axial direction (corresponding 
to the sheet rolling direction) and the poles are still distributed in 
the plane containing the radial direction (corresponding to the sheet 
normal) and the tangential direction (corresponding to the sheet trans-
verse direction). However, the maximum intensities in the tubing are 
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not ecnfined to angles +30 to 40° on each side of the radial direction, 
but ca.i be found in the tangential direction, in a fiber or wire tex-
ture, Dr in a version of the sheet rolling texture. The {1010} poles 
are found in the axial direction after cold working similarly to the 
sheet texture. Typical pole figures found in tubing are shown in 
Figs. 3 and 4, the former being a texture formed by heavy wall reduction 
and the latter one formed by heavy diameter reduction.1 

It has been postulated for years, used as a rule of thumb in indus-
try, and shown experimentally by Tenckhoff and Ritterihouse1 that the 
basal pole texture in tubing results from the combination of wall and 
diameter reductions imparted to the tubing by the particular fabrication 
schedule used. In general, ironing (preferential wall reduction) tends 
to produce a basal-poles-radial texture; actually a form of the sheet 
rolling texture. Sinking (preferential diameter reduction) tends to 
produce a basal-poles-tangential texture. Combinations of the two reduc-
tions tend to disperse the intensity maxima between these extremes. The 
parametric method discussed in this report can be used to predict the 
type of texture a given fabrication schedule will produce and can be 
used to design a particular schedule to produce a required texttire. 

Texture in Zircaloy can be controlled by performing the fabrication 
in conjunction with a fabrication path, determined from the appropriate 
multiparameter plot, that provides the correct balance of ironing and 
sinking operations to produce basal poles in the desired position. 
Referr lag to any Q versus R^ plot, but especially to Fig. 5, a series 
of fabrication steps for which the D ratio is constant is a neutral 
operation (i.e., neither ironing nor sinking) and will produce a fiber 
texture:. If the fabrication path lies to the right of the neutral line, 
the operation is ironing, and a tendency for a rolling texture will 
result. If the path lies to the left of the neutral line, the operation 
is sinking, and a texture with basal poles tangential will be formed. 

1Il. Tenckhoff and P. L. Rittenhouse, "Texture Development and Tex-
ture Gradients in Zircaloy Tubing," pp. 50-67 in Applications-Related 
Phenomeina for Zirconium and Its Alloys, Spec. Tech. Publ. 458, American 
fiocietir for Testing and Materials, Philadelphia, 1969; also E. Tenckhoff, 
"Der Einfluss der Reduktionswerte Auf die Entwicklung von Textur und 
Texturgradienten in Zircaloy Rohren," Z. Metallk. 6l(l), 64—71 (1970). 
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Fig. 3. Basal and {1010} Pole Figures for Tubing Fabricated with 
a Greater Amount of Wall Thinning than Diameter Reduction. [Ref., 
E. Tenckhoff and P. L. Ritterihouse, "Texture Development and Texture 
Gradients in Zircaloy Tubing," pp. 50-67 in Applications-Related 
Phenomena for Zirconium and Its Alloys, Spec. Tech. Publ. 458, American 
Society for Testing and Materials, Philadelphia, 1969; also E. Tenckhoff, 
"Der Einfluss der Reduktionswerte Auf die Entwicklung von Textur und 
Texturgradienten in Zircaloy Rohren," Z. Metallk. 6l(l), 64—71 (1970).] 
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Fig. 4. Basal and {1010} Pole Figures for Tubing Fabricated with 
a Greater Amount of Diameter Reduction than Wall Thinning. [Ref., 
E. Tenckhoff and P. L. Rittenhouse, "Texture Development and Texture 
Gradients in Zircaloy Tubing," pp. 50-67 in Applications-Related 
Phenomena for Zirconium and Its Alloys, Spec. Tech. Publ. 458, American 
Society for Testing and Materials, Philadelphia, 1969; also E. Tenckhoff, 
"Der Einfluss der Redukt ionswerte Auf die Entwicklung von Textur und 
Texturgradienten in Zircaloy Rohren," Z. Metallk. 6l(l), 64-71 (1970).] 
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Fig. 5. Multiparameter Graph with Examples of Various Fabrication 
Paths that Illustrate Sinking (Paths a), Neutral Deformation (Paths b), 
and Ironing (Paths c). 

These concepts are illustrated in Fig. 5, where two sets of paths are 
shown. A starting tube with a D ratio = 0.80 is assumed to be fabri-
cated to two different points (x and y) on the graph and then fabricated 
along paths I-a, -b, -c, and Il-a, -b, -c. Paths I-b and Il-b are neu-
tral (they follow lines of constant D ratio) and tend to produce fiber 
textures. Paths I-c and II-c are ironing paths (D ratio is increased), 
and paths I-a and Il-a produce sinking (D ratio is decreased). Although 
paths I-c and II-a result in the same final tubing size, the tubing pro-
duced by I-c would have a sheet rolling texture and that produced by 
path Il-a would have a basal poles tangential texture. The perfection 
of these textures would depend upon the starting texture and the amount 
of reduction in area the tubing was given along each path. 

While the foregoing discussion contains the crux of the texture 
control method, it also raises several immediate questions: 

What are the quantitative effects of "degree" of ironing or sinking 
on the texture formed in tubing? Is there a calculable driving force 
for texture formation? 
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What is the theoretical basis for the texture gradients found by 
Tenckhoff and Rittenhouse?1 How do the strain ratios vary through the 
tube wall? 

Is texture formation a dynamic or static process? Can textures 
other than the "stable" sheet rolling, basal poles tangential, or fiber 
textures exist except as transient textures? 

What are the effects of noncontinuous fabrication operations such 
as mandrel drawing which, unlike the "smooth" operations such as plug 
drawing, do not allow the metal to flow smoothly from one size to 
another? 

Although not all of these questions can be answered rigorously, 
there is ample evidence for strong opinions on most of them. 

For the purpose of discussion, two terms will be defined. Pure 
ironing is the process by which the tube is subjected to a pseudoplane 
strain condition consisting of wall thinning and axial elongation. Pure 
sinking is the process by which the tube is subjected to a pseudoplane 
strain condition consisting of circumferential decrease and axial elonga-
tion. It is immediately seen that these two strain conditions are iden-
tical through a 90° rotation. The first is equivalent to an idealized 
sheet rolling condition-where no transverse spread occurs. The second 
has no sheet rolling analogy, but is simply a diameter or circumference 
reduction with no wall thinning. An additional complication is that the 
ratio of wall strain to circumferential strain varies throughout the 
wall thickness. This will be discussed later. The two "pure operations," 
ironing and sinking, produce virtually identical textures rotated 90° 
from each other. These textures, the sheet rolling and the basal-poles-
tangential, respectively, are stable under continuing fabrication of the 
same kind. A third stable texture is the fiber or wire texture. This 
texture is formed by fabrication involving equal amounts of wall strain 
and circumferential strain, and the deformation involved is equivalent 
to that in drawing a solid rod or wire. In fact, the tubing can be 
thought of as being the outer shell of a rod. 

To review, the three primary textures are formed by special fabrica-
tion cases. Two are formed in pseudoplane-strain situations and the 
third by a case of uniform strain such as would be found in wire or rod 
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fabrication. In all three cases the basal poles of the material tend 
to align themselves parallel to the compressive strain direction or 
directions. This tendency for alignment with compressive strain was 
investigated with zirconium single crystals and shown to hold for several 
different initial crystal orientations.2 A question now arises concerning 
strain ratios intermediate to those just discussed. Do they also pro-
duce stable textures? 

Much of the following might be classified as speculation because 
critical experimentation to prove or disprove the proposed theory has 
not been performed. Experimental evidence consisting of several hundred 
pole figures made on tubing produced by a variety of fabrication proce-
dures shows, however, that the theory is adequate for describing all of 
the observed phenomena. 

The following theory is proposed and circumstantial evidence will 
be provided to justify it: Limiting equilibrium textures exist for all 
combinations of true wall strain and true circumferential strain. These 
textures are a function of the ratio of true wall strain to true circum-
ferential strain and are formed as reduction in cross-sectional area 
approaches 100$. 

STRAIN RATIOS 

Equations have been derived for calculating the ratio of true wall 
strain to true circumferential strain. Two basic assumptions were made 
in these calculations. One was the assumption of constancy of volume 
during deformation and the other was that equal elongation of all annu-
lar elements occurs in the tube wall during any fabrication pass. The 
second assumption requires some explanation. It is well known that many 
fabrication operations involving high frictional forces, such as wire or 
tube drawing, extrusion, et cetera, cause a shearing distortion across 
the cross section of the workpiece. Early work by Taylor and Quinney3 

2D. 0. Hobson, "Textures in Deformed Zirconium Single Crystals," 
Trans. Met. Soc. AIME 242, 1105-1115 (1968). 

3G. I. Taylor and H. Quinney, "The Distortion of Wires on Passing 
Through a Draw Plate," J. Inst. Metals 49, 187-202 (1932). 
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showed that the initial, reductions in a multipass wire drawing schedule 
caused a shear distortion that resulted in the originally planar cross 
section becoming approximately paraboloidal in shape. The maximum shear 
strain occurred in the first pass, and there was progressively less 
additional distortion with higher reductions in area. After approxi-
mately 60$ reduction in area there was no measurable additional shear 
strain. Similar behavior would be expected in the wall of a tube during 
drawing. In the present study it is acknowledged that such shear strain 
does occur in tube drawing operations. However, it is assumed that the 
elongation of any annular ring is equivalent to the elongation of any 
neighboring ring despite any axial shifting that might occur. This 
situation is analogous to a tube whose wall thickness is made up of the 
sum of the wall thicknesses of a large number of nested tubes. This 
composite tube is then reduced in diameter in such a way that all of the 
incremental tubes maintain equal relative lengths. 

Given the assumptions above, the following reasoning applies. If 
the volume remains constant then the sum of the true strains must be 
zero. 

7 + € + € - = 0 , (7) w c I 9 s ' 

where 
e = true wall strain, _w 
e = true circumferential strain, and c ' 
e^ = true length strain. 

The ratio of true wall strain to true circumferential strain, which 
determines the texture that will form during fabrication, becomes 

1 • (8) 
ec 

The true length strain is defined as 

I 
^ = m I , (9) 
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where 
L = initial length, and 
£ = final length. 

The final length, in terms of diameters, becomes 

,/D2 - D?\ 
i = -g | ) L (10) 

vd2 - d V o 1 

where the diameters are as defined previously. 
The true length strain, therefore, is 

Since 

D<; - D2 

^ = 1 1 1 - i — I • * d2 - d2 

d2 - d2 

R A " 1 — i , (1) 
A D2 - D2 

o i 

then 

< = , (12) 

and 

RA 

1 
€ = In . (13) 
i 1 - R A 

True circumferential strain is defined as 

= ^ f - m g - 3 - 1 . (*> 

where c and C are proportionate circumferences in the initial and final 
tubes, respectively, and b and B are proportionate diameters with the 
following restrictions: 

d > b > d. , and o 1 3 

D > B > D. . o 1 
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The ratio of the cross-sectional areas on each side of the chosen 
circumference should be constant during deformation. This can be 
expressed as 

B2 — D? b2 - d 2 

D2 - D2 d2 - d2 
o i o i 

(15) 

and, solving for b, 

So, 

b = / (B2 - D*)(l - Ra) + dI . (16) 

/(B2 - r f ) ( l - K 4 ) + d 2 

I c - to - ^ -i (17) 

and 

In €w 1 - R a - 1 + . (18) 
c 

In 
/(B2 - D 2 ) ( 1 - R a ) + d2 

B 

Equation (18) permits calculation of the strain ratio -with the 
intermediate diameter (b) of the starting tube being used as a variable. 
Another equation can be derived which uses the intermediate diameter (b) 
of the final tube as a variable. 

1 In 

m ^ 

A 
7—i 

b 2 " d i ) ( j ^ F ^ + D * 
A 

Equations (18) or (19) can be used to calculate the strain ratio at any 
point in the wall of any tube given any reduction in area. The varia-
tion of the strain ratio across the wall thickness can be calculated for 
any given tube size and reduction in area. 



Such a calculation has been made using a Q ratio versus R^ graph 
similar to the one shown in Fig. 1, p. 5, except that the D ratio was 
0.60 instead of 0.80. Five fabrication paths, each at constant values 
of Q ratio, were considered and the resulting tube sizes and reductions 
were used in either Eq. (18) or (19) to calculate the strain ratios. The 
result/s of these calculations for constant Q ratios of 0, 0,,5, 1, 2.5, 
and 5 are shown in Fig. 6. This is a three-dimensional representation 
showing the relationships among strain ratio, Q ratio, and reduction in 
area. Consider fabrication at a constant Q ratio of unity. The Q ratio 
is defined as the ratio of wall thickness reduction to inside diameter 
reduction and, for Q equal to unity, these two reductions must be equal. 
It follows that the reduction in outside diameter must also be equal to 
unity. This is equivalent to fabricating the tube as if it were the 
outer shell of a solid rod or wire. The strain ratio throughout the 
volume of material is unity for all reductions in area. This is shown 
by the single straight line on the graph. For constant Q ratios greater 
than unity the strain ratio everywhere in the tube wall is always greater 
than unity for all area reductions. This is equivalent to saying that 
some amount of ironing is taking place at any reduction in area. At very 
high reductions in area the strain ratio approaches infinity, correspond-
ing to the formation of the infinitely thin-walled tubes of finite diam-
eter shown pictorially in Fig. 2, p. 6. 

Similarly, for Q ratios less than unity the strain ratio everywhere 
in the tube wall is also less than unity. This is equivalent to saying 
that some amount of sinking is taking place at any reduction in area and, 
as the reduction in area increases, the tubing tends toward solid rod. 
Reduction of the inside diameter to zero is shown as a discontinuity in 
the Q = 0 and 0.5 curves and occurs at reductions in the area of approxi-
mately 70 and 93$, respectively. Obviously, as soon as the tubing becomes 
solid all strains ratios become unity. Also, the lower the Q ratio below 
unity the more rapidly the tube will tend toward a solid rod. That is, 
it will take less reduction in area to effect the inside diameter closure. 

Referring to the theory proposed earlier concerning the existence 
of limiting equilibrium textures, we can qualitatively propose an equi-
librium texture line. Such a line would represent textures formed by 
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Fig. 6. Three-Dimensional Representation that Shows the Relation-
ships among Strain Ratio, Q Ratio, and Reduction in Area. 

high reductions in area and each point on it would result either from 
reduction under constant strain ratio conditions, so that that point 
would be a limiting texture as a function of R^ or else would serve to 
define a form of driving force for texture change under dynamic fabrica-
tion conditions (i.e., with changing strain ratios). It is seen in 
Fig. 6 that the strain ratio varies with reduction in area at constant 
values of Q. In Fig. 7 we plot strain ratio versus reduction in. area 
on two axes and a texture parameter, M, on the vertical axis. The param-
eter M is an intensity moment defined by the equation 
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Fig. 7. Three-Dimensional Representation that Shows the Relation-
ships among the Strain Ratio, Reduction in Area, and the Texture Param-
eter M. Examples are shown for two hypothetical fabrication cases 
involving reductions at constant Q, ratios of 0.5 and 2.5. 

M = 
2 1 0 
L I (20) 

and, as shown in Fig. 8, is a summation of diffracted intensities at 
various values of $ (from 0 to 90°) times those angles, divided by the 
sum of those angles. The parameter M is used to characterize texture 
changes in the material. A decrease in M represents migration of the 
poles toward the radial direction, while an increase represents migra-
tion toward the tangential direction. 

Two surfaces are shown in Fig. 7, and the projections of those sur-
faces are shown on the three coordinate planes of the graph. One surface 
represents an ironing situation, specifically a fabrication process 
performed at a constant Q ratio of 2.5. The other represents a sinking 
operation performed at a constant Q ratio of 0.5. Consider the plane 
with coordinates of strain ratio and reduction in area. The projections 
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Fig. 8. Basal Pole Figure and Plot of Intensity as a Function of 
Angle, Measured from the Radial Direction (RD) to the Tangential 
Directions (TD). The intensity moment, M, is given "by the equation. 

of the surfaces on this plane are taken directly from Fig. 6, p. 17, and 
correspond to the curves showing the variation of strain ratio with 
reduction in area at Q ratio values of 0.5 and 2.5. Now consider the 
graph plane with coordinates of M and reduction in area. Here we assume 
values of M for the two fabrication operations. These M values are not 
experimental, "but they are representative of basal pole movements we 
have found experimentally. We arbitrarily start the ironing operation 
with an M value of 60° and allow this value to decrease with reduction 
in area. We start the sinking operation with an M value of 30° and 
allow this to increase with reduction in area. These changes in M are 
consistent with smooth,. continuous fabrication operations. Finally, 
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consider the graph plane with coordinates of M and strain ratio. We 
hays drawn a proposed equilibrium texture line through a range of strain 
ratio values from 0.1 to 10. The curve passes through a value of M 
equal to 4-5 * at a strain ratio of unity. We have previously stated that 
fabrication with equal amounts of wall and circumferential reduction pro-
duces a fiber texture (basal poles uniformly distributed between the 
radial and transverse directions). The parameter M has a value of 4-5= 

in such a situation. One last assumption implicit in this figure is 
ths concept of a driving force for texture movement. It is assumed that, 
because of crystallographic considerations such as maximum stress on 
slip and twinning systems, the basal poles of the material will tend to 
migrate so as to achieve a situation that is stable to further fabrica-
tion. We arbitrarily define such a driving force to be roughly propor-
tional to the distance of the M value of the texture from the equilibrium 
line. 

Th5 two surfaces in Fig. 7 represent all layers of the tube walls, 
from ths inner to the outer surfaces. If we consider the ironing opera-
tion, the outer surface texture is represented by a path from A to E in 
all coordinate planes. Similarly, the inner surface texture is repre-
sented by movement from A to F. There is a constant increase in the 
strain ratio with increasing reduction in area. If we consider the 
sinking operation, the inner and outer surface textures are represented 
by movements from B to C and from B to D, respectively. There is a con-
stant decrease in the strain ratio with increasing reduction in area. 

It is obvious that any departure from the smooth, continuous fabri-
cation operations discussed above would affect texture movements. One 
such situation would be the introduction of a series of fabrication steps 
instead of the two single steps discussed above. The principle would 
remain the same, however. 

ROD MANDREL DRAWING 

Fabrication of tubing by drawing or swaging over straight rod man-
drels requires some additional analysis of the strain ratios through the 
tube wall. The Q versus R. graphs, unless one takes the effort to 
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calculate and plot incremental steps in a fabrication operation, recog-
nize only the initial and final tubing sizes as defining a fabrication 
path. With a few exceptions, such as rocking (tube reducing) and plug 
drawing, fabrication operations do not define the inside diameter dimen-
sions of a tube during much of its passage through the dies. For example, 
if a tube were required to be drawn from 0.8 x 0.65 to 0.7 x 0.575, it 
can be seen that the inside diameter must change from 0.65 to 0.575, a 
difference of 0.075. This inside diameter change takes place under free 
sinking conditions. Once the inside surface contacts the mandrel, the 
pass becomes an ironing operation for the rest of the reduction. The 
overall reduction parameters for this example show a reduction in area 
of 26.7$ and a Q, ratio of 1.44, a mild ironing pass. When, however, the 
pass was broken down into its component reductions and an included die 
angle of 30° was assumed, it was found that almost half of the reduction 
took place under sinking conditions. 

A quantitative assessment of the effects of mandrel drawing was 
achieved by the following procedure. A tube shell incorporating small, 
carefully drilled marker holes for use in measuring the relative elonga-
tions of layers of the tube wall was machined. Figure 9 illustrates the 
shell. The starting material was a 1 3/4-in.-diam forged bar of 
Zircaloy-2 machined as shown in the figure. The 30° included angle 
matched the die angle and the diameters of the small end were machined 
to go through a 1.250-in. die and over a 0.850-in. mandrel. The marker 
holes were filled with platinum wire and the entire shell was pickled, 
given a phosphate coating, and then covered with drawing lubricant. The 
shell was drawn (37,000-lb drawing force) until the die was situated in 
the center of the set of marker holes. The drawbench was stopped, the 
shell was backed out of the die, and pulled off the mandrel. The shell 
was then machined into two halves bo expose the wires and the wires were 
stripped from the holes. Measurements made with a toolmakers' micro-
scope were used to calculate strains. Specimens for texture determina-
tions were machined from the inner and outer surfaces of the large, 
uiideformed end of the tube and from the inner and outer surfaces of the 
small, reduced end that had gone through the die. 



22 

T T 
'o ° 
S o 

" 7 6 Drill through of 0.100" Intervals In 
straight line parallel to tube axis. 
(21 holes)-

ORNL-OWG 70-12172 

Tolerance on diameters: ±0.002" 

2.00" -—"V,. C .Ul 1.50" 4.50" 

/ / / / / / / / / / / / 

5 t O" 

/ / / / / / / / / / / / / < 

10.00"-

7 1 in «* 
® (VI O _ 
±1 

Zircaloy Tube Shell 

Fig. 9. Drawing Showing a Longitudinal Cross Section of the As-
Machined Zircaloy Tube Shell. 

We earlier defined the Q ratio as wall thickness reduction divided 
by inside diameter reduction (R^/R^). This ratio, although useful as 
a measurement of overall deformation pattern, does not give clear infor-
mation about what is happening within the wall of the tubing as it 
passes through the die. This can only be obtained by the use of true 
strain values rather than the engineering values (R^, Rw, etc.) pre-
viously discussed. We can define three strains which produce a change 
from one tube size to another. These are: 

S, = m If. , (2D 
1 

Df 
ec = In ^ , (22) 

i 
and 

= In , (23) 
i 

where 
e = true wall strain, 
e = true circumferential strain, _c 

= true length strain, 
W f = final wall thickness, 
W. = initial wall thickness, i ' 
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D̂ , = final diameter, 
D. = initial diameter, . 1 9 

= final length, and 
L^ = initial length. 
Since the volume change is negligible, one has, from Eq. (7), p. 13, 

It is apparent that, for any volume element in the tube wall, a knowl-
edge of the amounts of length strain and circumferential strain leads 
directly to the corresponding wall strain. This information results, in 
turn, in a value for the strain ratio (e /c ), the microscopic analog to W 0 
the Q, ratio. One helpful characteristic of true strains is that they 
are directly additive. If one were to divide a tube length into segments, 
as will be discussed later, and then draw that tube through a die one 
could, by direct measurement and calculation, obtain values of e^ and e^ 
for each segment. From these one could obtain and the strain ratio 
(e fe ). Assuming subdivision of a tube section into "n" segments, the 

W v* 

cumulative strain that an initial volume element undergoes as it proceeds 
from one segment position to the next until it reaches segment "n," is: 

/_ \ N /L \ /_ \ 
( € j =(6 i + i € ) + + € } 
Vcumulative V w/i-2 V V n - ^ n 

C O = ( 0 + ( 0 , * * ( 0 ( 2 5 ) 
- ' cumulative v \ s 1+2 \ 'n- i-+n 

= ( O + ( O + + ( O <26> h 
cumulative 

and 

1 ( 0 t 1=1 1 _ 

W „... " ^ 
(27) 

c cumulative 
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As stated earlier, the basal poles in Zircaloy tend to align paral-
lel to the compressive strain direction. Any increment of reduction 
given a tube as it passes through a die results in a strain ratio. That 
strain ratio determines the type of texture that starts to form during 
that reduction and the amount of reduction through which that ratio acts 
determines what amount the texture will change. As the cumulative 
strain and the cumulative strain ratio depend upon prior strains, so 
must the texture depend upon prior history. A succession of segments of 
reduction which involve strain ratios greater than unity will evolve a 
texture characteristic of ironing (basal poles toward the radial direc-
tion) . On the other hand, another succession of reduction segments in 
which the strain ratios in the first half are < 1 and in the second half 
are > 1 will cause the basal poles first to migrate toward the tangen-
tial direction and then to reverse and tend toward the radial direction. 
Their final position would depend upon relative amounts of reduction and 
the magnitudes of the strain ratios involved. 

There exists an apparent discrepancy between theory and practice 
when attempts were made to predict texture formation in mandrel-drawn 
tubing vith Q numbers near unity. This discrepancy has been res Dived 
and the results will be presented; first, in an analysis of a specially 
designed drawing experiment, and, second, in an analysis of a tubing fab-
rication sequence that started with an as-extruded tube shell and ended 
with finished, drawn tubing. 

The machined tube specimen shown in Fig. 9 and fabricated as 
described previously is shown in longitudinal cross section in Fig. 10. 
A scale drawing is shown in Fig. 11 together with the average true area 
strain. It is immediately apparent that the tube began to respond to 
the approach of the die some distance away from first contact, specifi-
cally at the positions shown by the dots between stations 2 and 3. Both 
the inner and outer surfaces began to reduce at approximately the same 
time. The outer surface contacted the die at the dotted position just 
before station 6. From that point both surfaces remained parallel until 
the inner surface began to approach the mandrel. The overall deformation 
mode of the tube was sinking up to this point. At the inner surface 
point just past station 7 wall thinning occurred and continued until the 
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Fig. 10. Photograph of a Longitudinal Cross Section of the Tube 
Shell after Drawing the Marker Holes to the Middle of the Die. 

OftNL-OWG 70-II489R 

Fig. 11. Scale Drawing of the As-Reduced Tube Section -with the Center 
Lines of the Marker Holes Shown as Curved Lines and Numbered as Stations. 
Average true area strain is plotted as a function of axial position. The 
dots oil the surfaces represent positions discussed in the text. 
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outer surface cleared the die land between stations 9 and 10. It 
should be noted that there was a tendency for the drilled holes to 
remain perpendicular to the tubing surfaces. This involved a metal flow 
opposite, in the case of stations 6 through 9, to the direction the 
metal would flow if friction were causing shearing of the metal. No 
evidence was found for shearing or smearing of the metal as it traversed 
the die. 

A third point to be noted is that axial elongation of the tube 
occurred in two major steps. Minor elongation took place during the 
initial sinking of the tube, before mandrel contact. The first major 
elongation occurred in the inner half of the tube wall, following mandrel 
contact. This is shown most clearly between stations 8 and 9, where the 
foot of station 9 has moved farther away from station 8 than the top has. 
The second major elongation occurred in the outer half of the wall as 
the die continued to reduce the outer diameter, while the inner diameter 
remained essentially constant over the mandrel. This is noticeable 
between the tops of stations 9 and 10, whose spacing now approximates 
their foot spacing. 

As shown in Eq. (4), p. 3, true wall strain values can be obtained 
from true circumferential and elongation strains. These latter strains 
are available by either direct measurement or by calculation from the 
specimen or the scale drawing. The results of such operations are shown 
in Fig. 12 as cumulative strains calculated from Eqs. (5) through (7), 
pp. 3 and 13, respectively. Positive values denote cumulative elongation 
or thickening and negative values represent cumulative contraction or 
thinning. Length strains were always positive, and circumferential 
strains were always negative, as would be expected. Wall strain, how-
ever, varied from positive to negative, both with position through the 
wall and with axial position. Specifically, wall expansion took place 
at stations 4, 5, 6, and 7 on the inner surface and stations 5, 6, and 
7 on the outer surface. Incremental strains at any station are the dif-
ferences between the cumulative strains at that station and the corre-
sponding cumulative strains at the preceding station, again as related 
by Eqs. (5) through (7). Examination of the final true area strain in 
Fig. 11 shows a value of e. = -0.38. The average value of the inner 
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Fig. 12. Scale Drawing of the Tube Section with Cumulative Inner 
and Outer Surface Strains Listed. 

and outer surface true length strains is approximately 0.37. This number 
would be slightly higher if reduction of the outer surface diameter had 
been carried to completion and would closely approximate the negative 
value of area strain according to the relationship 

The circles in each segment represent the centroids of those areas 
and the numbers are the segment volumes. Theoretically, the volumes 
should be equal. Since the drilled holes were not perfectly parallel 
originally, due to drill leadoff, the volumes showed some variation, but 
not more than from the 1600 mm3 average volume. 

Figure 13 is a plot of cumulative strain ratio versus station for 
the inner and outer surfaces. The tube underwent heavy sinking during 
most of its axial travel through the die. The inner surface, during its 
approach and contact with the mandrel, received increasingly high strain 
ratios (e /e ). The outer surface was heavily ironed only in the final w o 
segment, between stations 9 and 10. It was expected that the texture of 
the outer surface would have basal pole concentrations closer to the 
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Fig. 13. Cumulative Surface Strain Ratios Plotted Against Axial 
Position. Three types_of fabrication strain ratios are shown: ironing 
(e" fe > l), sinking (e/e < 1 < 0), and sinking with wall thickening 

tangential directions and that the inner surface would have the basal 
poles concentrated closer to the radial direction. The textures found 
in this tube, both before and after passage through the die, agreed with 
theory and expectation. Figure 14 illustrates the initial and final 
textures for both surfaces. The initial textures are spotty and ill-
defined, characteristic of forged and annealed Zircaloy. The final tex-
tures, even after the small amount of reduction in area given the tube, 
are relatively sharp. They show, beyond question, the predicted effects 
of the different strain ratios. The texture of the inner, more heavily 
ironed, surface has a peak basal pole intensity concentrated approxi-
mately 15 to 30° from the radial direction toward the tangential. The 
outer surface texture shows the effects of sinking; its basal pole con-
centration is 30 to 50° from the radial direction toward the tangential. 

General fabrication-texture theory, which utilizes the Q versus R. 
graphs, and mandrel-drawing theory were combined to analyze a complete 
fabrication schedule, which included extrusion, tube reduction, and 
drawing. 

The extruded tube shell was found to have basal poles concentrated 
in the tangential direction throughout the wall, a very common extrusion 
texture in Zircaloy. The first of the two tube-reduction passes was per-
formed at an average wall-to-diameter strain ratio of 2.07 and the poles 
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Fig. 24. Basal Pole Figures Showing Textures Present in the Inner 
and Outer Surfaces of the Tube Shell Before and After Drawing. 

were found to peak approximately 15° from the tangential direction. 
Some migration toward the radial direction had occurred. It is felt 
that most of the texture change resulting from this pass represented con-
solidation of the somewhat diffuse extrusion texture. The second tube 
reduction pass, at a strain ratio of 7.62, caused massive migration of 
basal poles into peaks approximately 30° on each side of the radial 
direction. This is the stable ironing texture for Zircaloy and is 
analogous to the sheet rolling texture. 

The tube resulting from the second tube-reduction pass was used as 
starting material for a series of four drawing passes performed mostly 
under supposedly ironing conditions (Q values for the series were 1.97, 
2.08, 2.12, and 0.648). Figure 15 illustrates the texture data obtained 



30 

Fig. 15. Basal Pole Intensity Plotted as a Function of Position, 
in Degrees, from the Radial to the Tangential Directions. Textures are 
shown for three positions in the tuhe walls. Texture data were taken 
following each of four drawing passes. 

from this series. The data are plotted as intensity (times random) 
versus the distance, in degrees, from the radial direction (RD) to the 
tangential direction (TD) of the tubing along the equator of the pole 
figure. The data represent averages of both sides of the conventional 
pole figure. These intensity data were corrected for the dropoff toward 
the tangential direction that is characteristic of the Shultz method and 
are quantitative. 

From previous discussion of the drilled tube, it would be expected 
that the inner and middle layers of the tubes given the first three draw-
ing passes would approach the stable ironing texture (±30° from the 
radial direction). The outer surface, which was demonstrated to undergo 
a large amount of sinking during fabrication at overall strain ratios 
between unity and two, would be expected to show basal pole migration 
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away from the stable position toward the tangential direction. This was 
found to happen and is shown in the first three sections of Fig. 15. 
The final drawing pass was a moderate sinking pass and is shown in the 
fourth section of the figure. The total movement of the outer surface 
intensity peaks during the four drawing passes was from a ±25° position 
to a ±48° position. A movement from ±25 to ±38° occurred during the 
three ironing passes. The complete path of the outer surface texture 
peak is shown as a dotted line in the fourth section. 

CONCLUSIONS 

We have analyzed the deformations involved in producing specific 
final cubing sizes from given starting tube sizes. These analyses were 
performed on both a macroscopic basis, utilizing initial and final tube 
dimensions, and a microscopic basis, utilizing incremental-true-strain 
criteria. The former method is useful in fabrication operations such as 
tapered plug drawing or tube reduction which involve smooth, continuous 
reductions with constant control of inside diameter reduction. The lat-
ter method is useful in discontinuous operations, such as rod mandrel 
drawing, which produce strain reversals due to free sinking of the inside 
surface during part of the fabrication pass. With either method we have 
shown that texture formation in Zircaloy tubing can be predicted and con-
trolled by appropriate manipulation of fabrication parameters. 

Although this study was prompted by a need to develop methods for 
understanding and controlling texture in Zircaloy tubing, the deformation 
analyses that have evolved are of more general interest. For example, 
the Q, versus R^ graphs shown in Fig. 1, p. 5, and in the Appendix are of 
direct applicability to die and mandrel design for tube reducers and 
plug mandrel drawbenches. Their use would provide easy graphical means 
for optimizing the fabrication path from starting tube size to final 
size. The reductions in the various parameters can be read directly 
from the graph for any station along the length of the die or mandrel. 

The true-strain analysis, although not developed into as useful a 
form as the macroscopic analysis, has produced both interesting and use-
ful information concerning metal flow behavior. We have shown that 



rod-maadrel drawing schedules that seem to be moderately ironing in 
nature, according to macroscopic theory, can produce large amounts of 
sinking deformation in the tube wall. The large strain reversal that 
occurs as the tube contacts the mandrel could be responsible for inner 
surface cracking in materials of moderate to low ductility. A series of 
rod-ma.idrel drawing passes, even if each pass were an overall ironing 
operation, would cause repeated reversals from v/all thickening, 
( . r ) < 0 , to wall thinning, (e R ) • 0, in the incremental layer \i c w c 
near the inner surface. Such reversals could be eliminated by the use 
of either fined or floating plug mandrels. By suitably tapering the 
exit end of the plug, the inside diameter reduction could be controlled 
and fch» strain reversal eliminated. In such a case the fabrication step 
could <>e plotted on a Q versus R^ graph. 

The fact that the first part of the reduction during a rod-mandrel 
drawing pass is by sinking is not original to this study. What we have 
afcterap̂ ed to show is the magnitude of that sinking reduction in terms of 
true strains and strain ratios and correlate that information with the 
textures that form. The texture formation characteristics of Zircaloy 
are a useful tool in such an examination since they provide a strong 
indication, by basal pole migration, of the strains the tubing is 
undergoing. 

We have proposed that limiting equilibrium textures exist for all 
combinations of true wall strain and true circumferential strain. Our 
evidence for thia is largely circumstantial. Our experimental work, 
part of which involved the analysis of over 200 quantitative pole 
figures, always showed texture movements in the direction in which the 
equilibrium line should lie. In other words, in every instance where 
we were able to analyze the strain ratios, involved in a fabrication step, 
we found an appropriate corresponding movement of the texture. 

Finally, we have related the textures existing in the tubing we 
have examined to the parameters by which that tubing was fabricated and 
we have shown that the dominant factor in texture development is the 
ratio of true wall strain to true circumferential strain. We have demon-
strated that texture in Zircaloy can be controlled and have developed a 
method for correlating fabrication parameters to effect that control. 
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This section contains, as Figs. 16, 17, and 18, additional multi-
parameter graphs for initial D ratios of 0.6, 0.7, and 0.9, respectively. 
These graphs, plus the graph in Fig. 1, p. 5, are sufficient to handle 
the fabrication schedules of most common tubing sizes. Arithmetic 
manipulation will allow fabrication paths for tubing sizes with initial 
D ratios other than the four upon which the graphs are based to be plotted. 

For example, consider a tube with initial dimensions of 1.0 in. 0D 
and 0.82 in. ID. The initial D ratio is 0.82. Figure 1 can be used for 
the following calculations. One must find a hypothetical prior tube 
size with dimensions conforming to the following criteria: Its initial 
D ratio must be 0.80, corresponding to the multiparameter graph in Fig. 1, 
and its dimensions must be such that a set of specific reductions will 
produce the real starting tube (i.e., 1.0 in. 0D and 0.82 in. ID) and, 
at the same time produce a point fairly low on the graph. Back calcula-
tion shows that a hypothetical tube with dimensions 1.1 in. 0D by 
0.88 in. ID has a D ratio of 0.80 and that 10$ reduction in outer diame-
ter and 18.2$ reduction in -wall thickness will produce the required 
starting tube dimensions. These reductions, as well as others now 
derivable from the two sets of dimensions, determine the appropriate 
point on the graph. Fabrication of the real tube will produce additional 
sets of dimensions. These must, however, be plotted as cumulative reduc-
tions based on the hypothetical prior tube dimensions. For exasnple, a 
tube reduced to 0.5 in. 0D and 0.45 in. ID would be plotted at the point 
on the graph corresponding to 54.5$ reduction in outer diameter and 
77.3$ reduction in wall thickness, based on the hypothetical tube. 
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