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ABSTRACT

Exposed quality sheet steels are required to display a surface that is free from undesirable 

imperfections i.e., scratches, dents, processing inclusions, and Lüders bands. During a forming 

operation, steels may yield discontinuously, resulting in strain lines (Lüders bands) appearing on 

the surface of the stamped panel. While continuous yielding is desired, discontinuous yielding is 

a common processing concern in some types of steel (including bake-hardenable (BH) steels) 

currently being addressed by allowing only a small percentage of yield point elongation (YPE) to 

be present in the product. To improve the understanding and application of these steels, a focused 

investigation addressing YPE quality issues was undertaken here. This investigation used 

commercial BH sheet steel and examines surface changes associated with discontinuous yielding. 

Of particular interest was quantifying the influence YPE has on detailed surface topography 

characteristics.

Eleven Lüders bands were examined systematically on eight ASTM E8 tensile specimens 

displaying YPE ranging from 0.13% to 2.09%. One additional specimen containing no YPE was 

also included in the test matrix. For each tensile specimen, a cycle of loading to just past the 

yield point, unloading, recording surface topography changes, then repeating the process was 

undertaken. All samples were prepared by aging for various times at 150°C, chemically stripping 

the galvanized coating, and polishing one side to a mirror finish. Surface topography assessment 

of the Lüders band was made on the polished side only.

A methodology using optical profilometry was developed to evaluate the propagating 

Lüders band and assessments of the Lüders bands in the fixed scan area revealed topography 

including a “local” maximum depth and a final condition reflecting residual features. The Lüders 

band was observed to be most severe in terms of depth at early strains and the depth of the Lüders 

band was found to increase linearly with increasing YPE while the width of the Lüders band was 

not substantially influenced by YPE. Finally, based on a comparison with recent painting results 

of industrially created surface imperfections, it is suggested that current YPE acceptance criteria 

may be more conservative than needed.
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1.0 INTRODUCTION

Exposed quality sheet steels are called upon to display a surface that is free from 

undesirable imperfections i.e., scratches, dents, processing inclusions, and Lüders bands. During 

forming, steels may yield discontinuously, resulting in strain lines (Lüders bands) appearing on 

the surface of the stamped panel. While continuous yielding is desired, discontinuous yielding is 

a common processing concern currently being addressed by allowing only a small percentage of 

yield point elongation (YPE) to be present in the product. To improve the understanding and 

application of these steels, a focused investigation addressing YPE quality issues was undertaken 

here. This investigation used common bake-hardenable sheet steel, provided by industry, and 

examines surface changes associated with discontinuous yielding. Of particular interest, was 

documenting the influence YPE has on detailed surface topography characteristics.

Lüders bands create surface texture considered undesirable for exposed applications.

This surface texture is observed as a crosshatch of linear features that can vary in frequency and 

severity depending on the amount of YPE present in the material and the applied strain. In 

industry, the amount of acceptable YPE present in material destined for forming operations has 

not been completely defined. Literature discussions have suggested a value of acceptable YPE in 

material prior to forming operations at “about 0.2%, but practically 0.4%” (1). Additional 

comments on this value (2) suggest that a “YPE value not more then about 0.4%, probably (can) 

be tolerated without significant risk of undesirable strain lines in the stamped panel.” 

Nevertheless, the discontinuous yielding literature emphasizes the need for further investigation 

into acceptable YPE.

This thesis involved creating and sampling Lüders bands on the surface of an uncoated 

sheet product and then carefully characterizing the resulting topography. A powerful and unique 

observation tool, the three-dimensional optical profilometer, was used to capture and quantify 

surface topography changes. Profilometry data allowed the investigator a methodology to 

systematically analyze and interpret surface changes. Through three-dimensional profilometry, 

an understanding of how Lüders bands propagate and relate to YPE was developed.
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In the following introductory sections, yielding and aging literature will be examined, 

experimental methods will be reviewed, and comments concerning yield point phenomenon, 

dislocation dynamics, Lüders band propagation, and surface measurement will be discussed in 

detail.
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2.0 BACKGROUND

The science behind the formation of Lüders bands has received considerable attention, 

dating back over 100 years to observations made by Piobert (3) and Lüders (4), in 1842 and 1860 

respectively. Piobert and Lüders observed and documented topographic changes that occur on 

the surface of a material experiencing discontinuous yielding. Macroscopically, these changes 

appear in the form of an array o f parallel bands on the surface of the material and are commonly 

referred to as Lüders bands, stretcher strains, Hartmann lines, or the Piobert effect (5). As 

experimental techniques and equipment improved, investigations began to focus on the 

microscopic aspects of discontinuous yielding and models were introduced addressing yielding 

behavior, Lüders band front propagation, and manufacturing concerns. Presently, advancements 

in surface metrology have allowed for a fresh look at the macroscopic features of the Lüders band 

via the application of three-dimensional profilometry to assess surface changes associated with 

Lüders band propagation.

In the following sections, the principal issues associated with discontinuous yielding, 

particularly; yield point phenomena, dislocation mobility, aging and solute carbon, and surface 

measurement techniques will be introduced and discussed in detail. Additionally, literature 

concerned with an industrially significant threshold of acceptable yielding will be noted.

2.1 Stress-Strain in Uniaxial Tension

The behavior of a material, loaded in uniaxial tension, can be exhibited on the stress- 

strain curve as a force per unit area (stress) resulting in a change in length (strain). O f primary 

interest to this research is the phenomenon of discontinuous yielding, visually observed to be an 

extension of the tensile specimen by growth of one or more localized yielding regions in the gage 

section at a more or less constant stress. Figure 2.1 shows where discontinuous yielding may be 

found within the stress-strain curve and also illustrates key characteristics of discontinuous 

yielding including the upper and lower yield points as well as the region of yield point elongation 

(YPE).
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YPE

Strain
Figure 2.1 YPE is illustrated in the schematic stress-strain curve. Elastic strain ends at the 

upper yield strength, point (A). The lower yield strength is found at point (B). 
Yield point elongation includes the region of the stress-strain curve between 
points (B) and (C). Where point (C) signifies the end of discontinuous yielding.

2.2 Yield Point Elongation

Yield point elongation involves discontinuous flow at or near the onset of plastic 

deformation and is commonly represented as a percentage of engineering strain. The macroscopic 

surface of a material exhibiting yield point elongation may also show an array of parallel linear 

depressions i.e. Lüders bands. These Lüders bands are usually considered undesirable for 

exposed applications. YPE may be quantified (Equation 2.1), in terms of strain, as the difference 

between the strain at the realization of the lower yield stress, 8y, and the Lüders strain, £L- The 

Lüders strain describes the strain at the point where Lüders bands have filled the entire surface of 

the tensile gage length. YPE is commonly referenced as an absolute strain percentage (Equation 

2.2), and it is important to note that this percentage is not normalized with respect to total 

elongation. Using this definition, a YPE value of 0.0045 may also be reported as 0.45% strain.
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YPE = s L — £Y [2.1]

%YPE = (sL - £ Y) x l  00% [2.2]

In Equations 2.1 and 2.2, YPE equals the difference of the Lüders strain, sL, and yielding strain 

Ey-

2.3 Yield Point

The yield point is a result of achieving the stress necessary for irreversible (plastic) 

deformation. ASM refers to the presence of a yield point as “the first stress in a material, usually 

less than the maximum attainable stress, at which an increase in strain occurs without an increase 

in stress. If there is a decrease in stress, a distinction may be made between the upper and lower 

yield points” (6). This behavior is commonly observed in a material containing discontinuous 

yielding, such as aged low-carbon steel used in this study. The upper yield point effectively 

represents the stress required for the formation of the first Lüders band (7).

2.3.1 Lower Yield Point

Yield point elongation is shown, in Figure 2.1, to be the portion of the stress-strain curve 

associated with the lower yield point. In this range, the Lüders band, a macroscopic observation 

of localized dislocation movement, is observed to propagate across the surface of the gage 

section. Ultimately, plastic deformation will fill the entire gage section and the material will 

progress from a state of discontinuous yielding and begin to continuously yield, showing a 

marked increase in strain hardening.

2.3.2 Dislocation Dynamics

A theory of yielding, developed by Cottrell and Bilby, suggested that mobile dislocations 

become pinned by an atmosphere of interstitial atoms, and in order to form the initial Lüders 

band, pinned dislocations were then required to break free from that atmosphere and multiply 

rapidly. This theory addressed such yield effects as: (i) the abrupt yield drop (8), (ii) the Lüders
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strain and Lüders band velocity (9), and (iii) the delay-time phenomenon. However, in a 

publication on yielding with special reference to yield point phenomena in BCC metals (10),

Hahn comments on the Cottrell-Bilby theory of unlocking stating that the “the importance of 

unlocking may have been overstated” (11). Instead, Hahn suggests that the abrupt yield drop is a 

consequence of at least three factors: (i) the presence o f a small number of mobile dislocations 

initially, (ii) rapid dislocation multiplication, and (iii) the stress dependence of dislocation 

velocity (10). The presence of an abrupt drop in yield stress suggests that it is not energetically 

favorable to unlock pinned dislocations; rather the rapid generation of fresh mobile dislocations is 

likely be operative. Figure 2.2 shows how the stress required to move newly created “fresh” 

dislocations is less then that required to move a dislocation locked via the Cottrell-Bilby 

atmosphere mechanism, implying that the lower yield stress is realized because fresh dislocations 

are able to move at a lower stress then pinned dislocations.

Dislocation multiplication requires a mechanism capable of rapidly generating a 

sufficient quantity of fresh dislocations. From an experimental study using silicon-iron, 

Worthington and Smith (12) suggested that in the pre-yield region, slip bands originate at grain 

boundaries (13). An observation confirmed by Moon and Vreeland (14), using similar material to 

that used by Worthington and Smith, but finer grain size, concluding that multiplication 

frequently occurs at grain boundaries.
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AGED DISLOCATIONS
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w 0.4,
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AGING TIME AT IOO*C (H R S .)

Figure 2.2 A “fresh” dislocation is shown to move at lower stress then are pinned and aged 
dislocations (15).

2.4 Solute Carbon

Solute carbon is a strengthener in low-carbon steel. Because nitrogen atoms are smaller 

then carbon atoms, they are more mobile than carbon at room temperature. Therefore, nitrogen 

stabilizers (aluminum and titanium) are usually added to low-carbon steel in an attempt to lock 

the nitrogen in the form of aluminum-nitrides or titanium-nitrides leaving solute carbon to pin 

dislocations.

Carbon may occupy interstitial (usually octahedral) positions in the BCC crystal lattice. 

Figure 2.3, and diffuse to dislocation stress fields, creating an atmosphere of carbon atoms that 

effectively limit mobility by pinning dislocations. This phenomenon occurs by both long range 

e.g. atmosphere formation, and short-range e.g. snoek ordering, mechanisms.
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#-
e Iron Atoms
#  Interstitial Sites

Figure 2.3 Octahedral interstitial sites in the BCC crystal.

2.4.1 Short-Range Diffusion

Short-range diffusion affects only the interstitial atoms immediately adjacent to the 

dislocation. Under the influence of an applied stress, many o f the interstitial sites around 

dislocations are enlarged and are therefore low-energy or favored sites for occupancy by solute 

atoms (16). For example, the octahedral site at the center of the cube edge, parallel to the tensile 

direction, is energetically favored due to the localized anisotropic distortion o f the lattice (under 

an applied stress) and an inherent lower energy requirement to occupy the cube edge site. Figure

2.4 illustrates the short-range migration of an interstitial to the cube edge interstitial site under an 

applied load in the Z-direction, know as Snoek rearrangement or Snoek ordering.
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Figure 2.4 Snoek ordering of a carbon atom under the influence of an applied stress in the 
Z-direction (17).

2.4.2 Dislocation Atmospheres

It has been mentioned that interstitial solute atoms form pinning atmospheres around 

dislocations. Cottrell and Bilby speculated that the concentration of carbon required to 

sufficiently place one carbon atom on each dislocation per atomic plane is about 10'6 wt% (18).

A very small amount. Reed-Hill (19) estimates the required number of carbon atoms to be the 

product o f the total length of all dislocations in a cubic centimeter ~108 cm, and the carbon atoms 

per cm, found to be 4 x 107. Likewise, the number o f iron atoms in one cubic centimeter of 

ferrite is calculated to be 8.6 x 1022, or about 1023. The carbon required in order to have sufficient 

interstitial solution available to form dislocation atmospheres is found to be about 4 carbon atoms 

in every hundred million-iron atoms, again a very small amount (19). Thus “full pinning” can be 

accomplished at low solute levels.
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2.4.3 Carbon Content

The yield point is usually associated with low interstitial levels. Figure 2.5 illustrates 

how increasing carbon content may create microstructure effects that could serve to decrease 

yield point elongation. In plain carbon steel, excess carbon may be engineered to precipitate as 

cementite and in the case of a normalized steel, pearlite. As the carbon content increases (toward 

the eutectoid), ferrite is present mostly in the form of fine lamellae and dislocation multiplication 

becomes restricted do to the reduction in length of the free ferrite path (20), ultimately resulting 

in reduced YPE.

100
•03%C

600
0-48% C80

0-34%CO
60E 40 0

40 0-06%C

200

20

0 30 3515 20 25105
°/o  Elongation

Figure 2.5 Stress-strain curves of normalized plain carbon steels at room temperature (21). 
YPE is observed to decrease with increasing carbon content.
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2.5 The Lüders Band

2.5.1 Macroscopic Appearance

Lüders bands are observed to be localized zones of plastic deformation viewed as linear 

or crosshatch depressions on the surface of a formed part. The bands are reported to vary in 

frequency and severity with the amount of YPE present in the material and applied strain. The 

macroscopic appearance of the Lüders band has been reported to be planar and to have either a 

sharp or diffuse interface front (22). In Figure 2.6, an example of planar Lüders bands are shown 

with (a) primary, and (b) primary and secondary appearance. In Figure 2.7, an array of 

crosshatch features is shown on a strained panel (after stoning) that was provided by USS at the 

onset of this project. Lüders bands are also shown (Figure 2.8) on the corresponding back side of 

the strained panel provided by USS and suggest that Lüders bands are present on both sides of the 

sheet. Figure 2.9 shows an example of a complex array of Lüders bands also reported in 

literature. Lüders bands of the type presented in Figure 2.9 were not observed in this study.

Figure 2.6 Lüders bands in a mild steel showing (a) primary markings and (b) primary (P) 
and secondary (S) markings (22). Specimen (b) was strained through the YPE, 
aged, and then strained again to show secondary bands (22).
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Figure 2.7 YPE stretcher-strain example of a crosshatch pattern of Lüders bands. Image on 
the left (15.3cm x 30.5cm) is an example of a biaxial loaded sample. A 
magnification of the left image reveals a crosshatch pattern of Lüders bands. 
Stoning was used to make the Lüders bands more easily visible.

Figure 2.8 Lüders bands observed on the backside surface corresponding to the array of 
Lüders bands presented in Figure 2.7.
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Figure 2.9 Complex array of Lüders band on a 1008-sheet steel stretched past the yield point 
(23)

2.5.2 Appearance of the Interface Front

The yielded region grows by advancing the Lüders band front across the surface of the 

gage section. As the Lüders band advances, the Lüders front has been reported to form a diffuse 

or sharp interface front depending on grain size. Figure 2.10 illustrates the relationship that grain 

size has with the sharp and diffuse Lüders band fronts as well as the increased Lüders strain (or 

YPE) associated with finer grained material. Hall (24) observed this phenomena, suggesting that; 

“while the grain size is fine, the band appears sharp and deformation virtually proceeds grain by 

grain along the specimen (25); with coarse grain sizes the sharp front to the band may be lost 

leading to so called ‘diffuse’ Lüders bands. Hall’s observations (24, 26, 27) were a summation of 

the common conclusions reached from similar studies, including Moon (13), Morrison and Glen 

(25), Carrington and McLean (28), and Theocaris and Koroneous (29). Figures 2.11 (a) and (b) 

show examples of diffuse and sharp interface fronts.
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Figure 2.10

Lüders strom
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Variation of Lüders strain with grain size in low-carbon steel (24) (Reported 
grain size presumed based on a line intercept method).
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(b )
Figure 2.11 (a) Sharp and (b) diffuse Lüders bands propagating from left to right (30).

2.5.3 Lüders Band Orientation

In Figures 2.6 and 2.1 la, the Lüders band was observed to be oriented at an angle to the 

loading axis. From tensile tests on mild steel, Lomer observed the Lüders band to lie at an angle 

of 48° +/- 1.5° to the tensile axis (31). In low-carbon steel, Delwiche and Moon, observed 

rectangular samples (tensile bars) to have an orientation of 45° from the tensile axis (32). Figure 

2.12 shows the model Delwiche and Moon present illustrating the Lüders band orientation and a 

possible coordinate system as well as results from their analysis (Table 2.1). The analysis by 

Delwiche and Moon agrees with other literature values, including an orientation angle o f -50° 

reported by Reed-Hill (33), ~ 45° by Dieter (34) and between 45° and 50° reported by Crussard 

(35, 36). Delwiche and Moon, Table 2.1, also show the effects of small changes in strain rate, 

although the angle between the Lüders front and tensile axis remains approximately constant.
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Figure 2.12

p

p

Tensile 
il ax is

P

Model for the orientation of the Lüders band (in uniaxial tension), Nucléation 
occurs at some point, N, and spreads on a plane oriented ~ 45° with respect to the 
tensile axis (32). Dimension of sample; 0.1875 in x 0.5 in (4.8 mm x 12.7 mm).

TABLE2JL|JResults^Fron
Specimen

Angle Strain Rate 
(in/min)

Calculated Orientation

0)° 6°

90 0.005 45
90 0.010 44
90 0.020 44
90 0.050 Complex Band Pattern
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2.5.4 Lüders Band Geometry

A Lüders band is observed to propagate until it either fills the gage section or combines 

with a neighboring band. Figure 2.13 (a) shows an illustration of a Lüders bands on the surface 

of a tensile specimen, while Figure 2.13 (b) shows a schematic of the Lüders band oriented with 

respect to the tensile axis and illustrating another coordinate system that may be used to describe 

the Lüders band. The literature suggests that corresponding Lüders bands are present on both 

sides of the sheet (32).

(B)(A)

Figure 2.13 (A) A Lüders band illustrated to lie on both sides of the sheet (37). (B) A
coordinate axis used to describe the Lüders band. Axis (1) is the tensile axis, 
axis (2) lies normal to the tensile axis, (b) is the width of the Lüders band, (t) is 
the sheet thickness, ( I  ) is the band length, and (<9) is the orientation angle that 
describes the relation of the Lüders band axis, (2’), to the tensile axis (37).
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The Lüders band may also be depicted to show the active zone of displacement 

commonly called the Lüders front (Figure 2.14). In Figure 2.14, region (I) is the plastically 

deformed area i.e. total strain equals plastic strain, region (II) is the active Lüders front, and 

region (III) is the elastic zone. As the Lüders band propagates across the surface, it moves into 

elastically loaded material and leaves behind a plastically deformed material, suggesting that a 

gradient of plastic deformation exists within the Lüders front.

Front
Propagation

Figure 2.14 Schematic representation of a Lüders band front (A to B) under an applied stress.
Lüders band has moved through Region (I), leaving behind plastically deformed 
material. In Region (II), the Lüders front is comprised o f plastic and elastic 
yielding. Region (III) is yet to be plastically deformed. Illustration reproduced 
from similar representations by Garofalo (38), Gupta (39), Moon (40), and Verel 
(41).

2.6 The Lüders Front

The Lüders front, as observed by Prewo et al, is “a region of transition from localized slip 

and microstrain occurring ahead of the band and the steady-state condition left in its wake that is 

characterized by a level of fairly constant strain, i.e. the Lüders strain. In the region of transition 

the applied and internal stress vary with position due to the rather abrupt change in strain.” 

Although the applied force remains constant, “the applied stress may vary with position in the
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band because of the diminution in cross sectional area associated with the increase in strain at the 

band front” (42). Hahn (43) observes that “the Lüders band is determined by: (i) the equation of 

state (developed by Hart (44)), (ii) the Lüders’ band-front velocity, and (iii) the imposed strain 

rate.” Incorporating these observations, Garofalo (38) developed a model addressing the effect 

that grain size, and strain have on the lower yield stress and consequently, Lüders band 

propagation. The following derivation is from Garofalo’s investigation of factors affecting the 

propagation of a Lüders band and the lower yield stress in iron (38).

From Figure 2.14, the Lüders front is observed to have a width, X , and propagate from 

left to right (A to B). The Orowan relationship may be used to define the plastic strain rate, s P , 

(Equation 2.3) and a modified Johnston-Gilman (15) relationship to describe the average mobile 

dislocation velocity, v (Equation 2.4).

èP =kp„bv  [2.3]

v = 0 (a a - a tf  [2.4]

Where & is a geometric factor, p m is the average mobile dislocation density, b is the Burgers 

vector, 9  is the average velocity at a unit effective stress, cra is the applied stress (lower yield 

strength), cr. is the internal stress, and m* is the dislocation velocity stress exponent. The plastic 

strain rate at any point between A and B can be defined in Equation 2.5.

Where VL is the velocity of the Lüders band and X is the distance from B to any point within the 

Lüders front. Combining Equations 2.3, 2.4, and 2.5, the velocity of the Lüders front is expressed 

in Equation 2.6, although the effect o f grain boundaries is not taken into account.
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v  [2.6]
6/é*p / tifA

Garofalo’s analysis continued by accounting for the presence of grain boundaries. Observing that 

“for a band velocity, VL through the matrix, the distance propagated by the Lüders band front in 

unit time will be Z . In the presence of grain boundaries the band front will propagate at a 

velocity VL (<VL).  The distance propagated in a unit with grain boundary will be L (= k0£ ) , 

where k0 relates to the resistance imposed by grain boundaries on band front propagation and 

£ is the average grain boundary intercept or grain diameter. It is possible to show (Equation 2.7) 

then that VL = k l£VL, where kx = k0 IL

At a distance AT inside the Lüders front (Figure 2.14) the expression d£p / dA may be

approximated by £h I n£ , where n is the number of grains across the Lüders band front, 

experimentally found by Morrison and Glenn to be three or four grains (25). The Lüders band 

propagation velocity then becomes (Equation 2.8).

r , p .s ]

K  (— nkkxp mb) is assumed to be a material constant that includes the number of grains across 

the Lüders front. By defining the crosshead velocity, Vc , as NVL£L , where N  is the number of 

propagating Lüders bands, and rearranging Equation 2.7, Garofalo arrives at an expression 

(Equation 2.9) that predicts the effect of grain size and cross-head velocity on the lower yield 

strength during Lüders band propagation. Equation 2.9 is also a permutation of the Hall-Petch
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relation and may thus show the relation grain size has with the lower yield strength (Equation 

2 .10).

m* was experimentally found (45, 38, 42 and 46) to be approximately 4, in various irons 

containing different carbon levels at room temperature.

2.6.1 Strain Profile

A schematic strain profile corresponding to the Lüders front in Figure 2.14 is presented in 

Figure 2.15. In Figure 2.15, the active zone of the Lüders band may be observed as a gradient 

“wave” of plastic deformation within the Lüders front between points (A) and (B), where the 

plastic strain varies between zero and the Lüders strain, s L . An experimentally obtained (41) 

plastic strain profile is also shown in Figure 2.16. In this study, the Lüders band front position 

was measured using interference microscopy on partly deformed specimens, whereby the 

deformation tensor was determined as a function o f the the distance behind the Lüders front (41 ). 

In Figure 2.16, the experimental plastic strain profile extends well past the Lüders front and 

presumably, the location and width of the Lüders front in Figure 2.16 may be observed to be the 

rapidly increasing region from zero to about 5 mm denoted as (r). Verel determined the Lüders 

front width by fitting a dashed line modeled to display constant Lüders strain, s L , pass through

the origin, and have an area under the curve equal to the area under the experimental curve. The 

general shape of the strain profile in Figure 2.16 agrees with calculated profiles by Hahn (43) and 

experimental results found by Owen, Averbach, and Cohen (47), as well as Taylor and Malvern 

(48). Hahn (43) observed the general trend to have “the same general features as actual Luder’s

[2.9]

[2 .10]

bands.”
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Figure 2.15

Figure 2.16

Position
Idealized profile of a Lüders band showing the plastic strain varying between 
zero and the Lüders strain. Profile corresponds to Figure 2.14. Reproduced from 
similar profiles presented by Garofalo (38) and Verel and Sleeswyk (41).

.03

.02

c

.01

20
d is ta n c e  b eh in d  f r o n t  , mm

Experimental Lüders band strain profile measured in mild steel at room 
temperature (41). A distance of zero corresponds to point (B) from Figure 2.14 
and (r) designates the Lüders front (region from point A to B in Figure 2.14).
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2.6.2 Dislocation Density

The distribution of mobile dislocations in the Lüders front is illustrated in Figure 2.17. 

Figure 2.18 shows a transmission electron micrograph of a Lüders front captured by Morrison 

and Glenn (25). The micrograph showed some evidence of preyield microstrain ahead of the 

front, mobile dislocations and dislocation tangles within the Lüders front, and locked dislocation 

tangles several grains behind the Lüders front.

S
§
Q
e!
.2
Q

Figure 2.17 Mobile, p m , total, p T , and original, /?0 , dislocation density with the Lüders front 
moving from left to right, corresponding to Figure 2.14. The active zone also 
corresponds to distance (T ) in Figure 2.15 and (r) in Figure 2.16. Figure 
reproduced from Verel and Sleeswyk’s active zone model of the Lüders band 
(41).

Position
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Figure 2.18 Electron transmission micrographs of a Liiders front in low-carbon steel (25).

2.7 Grain Size

The Lower yield strength, Liiders strain and Liiders front interface have been shown to be a 

function of grain size. In Figure 2.10, it may be understood that decreasing grain size increases 

Liiders strain and thus, better defines the Liiders front interface. Evans (49) found the variation in 

Liiders strain to increase with decreasing grain size linearly with d‘1/2. O f particular interest in 

this study, is the relation of grain size and the Liiders band front width. While the grain size is 

fine, the band (front) virtually proceeds grain by grain along the specimen and is reported by 

Morrison and Glenn (25) to be three or four grains in width, as shown in Figure 2.18, although 

Garofalo (38) suggests that the experimental evidence for this conclusion is limited. In coarser 

grains, the Liiders strain is spread out over a larger area and the Liiders front width is reported by 

Carrington and McLean (28) to be “several tens of grain diameters.” Verel and Sleeswyk (41) 

developed a method whereby the Liiders band front width may be determined through 

investigation of the Liiders strain profile. The result of this analysis was presented in Figure 2.16, 

where (r), the Liiders front width, is found by fitting a curve running through the origin and equal
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in strain and volume to the experimental curve. From Figure 2.16, (r) appears to be 

approximately 5mm in a material reported to have an average grain diameter of 10// m, 

suggesting that the number of grains in the Liiders front may be considerably more than the 

conventional understanding.

2.8 Manufacturing Issues Related to YPE

Exposed quality low-carbon sheet steels are commonly used as exposed automotive body 

panels (Figure 2.19) and are therefore required to show a surface free from undesirable features. 

Prior to forming operations the steel may contain a degree of YPE that may materialize into 

undesirable stretcher-strains on the surface of the formed panel. Manufacturing issues arise when 

the stretcher-strains are of such a severity that they are clearly visible or identified by stoning. 

Thresholds of acceptable YPE have been established in an attempt to limit the amount o f material 

containing unacceptable stretcher-strains. In a publication addressing advances in interstitial-free 

and bake-hardening steels, Takechi (1) set a value of acceptable YPE at “about 0.2%, but 

practically 0.4%” (Figure 2.20). Taylor el al. (2) comments on this value saying that a “YPE 

value not more then about 0.4%, probably (can) be tolerated without significant risk of 

undesirable strain lines in stamped panels.” Nevertheless, these authors suggest that further 

investigation into acceptable YPE is warranted.
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Figure 2.19
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Application of exposed quality low-carbon automotive sheet steel (50).
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Figure 2.20 Bake-hardenability and YPE, the suggested acceptable threshold is defined as 
0.4%(1).
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2.9 Surface Profiling

2.9.1 Surface Topography Characteristics and Terminology

Surface texture, used interchangeably with surface roughness and surface topography, 

refers to “locally limited deviations of a surface from the smooth ideal geometry” (51). A 

description of surface texture by Schaffer reads, “Consider a theoretically smooth flat surface. If 

this [surface] has a ... small hollow in the middle, it is still smooth but curved. Two or more 

equidistance such hollows produce a wavy surface. As the spacing between such waves 

decreases, the resulting surface would be considered flat but rough. In fact surfaces having the 

same height of irregularities are regarded as curved, wavy, or rough, according to the spacing of 

these irregularities. ... Surface texture includes closely spaced random roughness irregularities 

and more widely spaced repetitive waviness irregularities. American National Standard B46.1- 

1985 defines it as the repetitive or random deviation from the nominal surface that forms the 

three-dimensional topography of the surface. As such, it includes roughness, waviness, lay, and 

flaws. . . .” (52). Figure 2.21 illustrates the different aspects of surface texture including lay, the 

dominant directional pattern on the surface. Curvature, also known as “form”, is a function of 

very long wavelength and in combination with roughness and waviness, makes up the three 

characteristics of the raw surface profile. Figure 2.22 illustrates how the surface profile is a 

summation of roughness, waviness, and form. In Figure 2.22, each profile component was 

obtained by filtering with appropriate wavelength cutoffs for roughness (X < 0.8 mm), waviness 

(0.8 mm < X < 8 mm), and form (X > 8 mm) (53).
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Figure 2.21 The surface texture characteristics; roughness, waviness, and lay are illustrated 
(51).
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O riginal Surface Profile

Roughness Profile

Wavmess Profile

Form Profile

Figure 2.22 The decomposition of a profile into roughness, waviness, and form (54).

Surface profiles are commonly filtered to highlight surface features that are of interest to 

the investigator. Data collected from a surface scan may be filtered or smoothed to account for 

tilt, cylindrical curvature, spherical curvature, roughness, and/or waviness. Features such as tilt 

and to an extent, curvature, are a result of sample orientation with respect to the measuring 

objective. Other components o f form, roughness, and waviness, are a function of the true sample 

surface. Some features are capable o f masking others in the surface profile. For example, a large
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wavelength features may have amplitude that is an order of magnitude or greater then the 

accompanying roughness, effectively minimizing the roughness view in the surface profile. In 

order to view roughness, the large wavelength feature must be removed via high-pass filtering, 

whereby the short wavelength (high frequency) roughness features are obtained. Likewise, low- 

pass filtering removes roughness leaving behind only a waviness profile.

2.9.2 Surface Metrology

Surface Metrology is defined by three elements: generation, characterization, and 

function, and relates to the measurement of work pieces and the influence of surfaces on 

performance (53). Figure 2.23 shows how these factors relate to one another. There are several 

techniques available to evaluate surface texture. Table 2.2 summarizes some common methods, 

and shows Z-resolution, Z-range, and frequency for each method.

Generation Surface engineering FunctionGrinding ’Wear
•Sealing•Honing

-Lapping
-Coating
-r-

-fnstrumeni
•Measurement

[Surface! •Paintabiiiiy 
-Etc.

procedure 
-Data analysis

Figure 2.23 The surface metrology triangle: generation characterization, and function (55).
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TABLE 2.2 - Common Methods Used for Surface Characterization (53)

Methods Spatial
Resolution

Z
Resolution

Z
Range Frequency Comments

Stylus 0.1pm -  1mm 0.3 pm 50pm 20Hz Contacts work piece; easy to

Optical Probe 0.5pm 0.1pm 20pm 10Hz-30kHz Non-contacting

Heterodyne 2.5 - 200pm 0.2pm 0.5pm 10Hz Requires computer unraveling

Scatterometer
Diffraction -10pm Inm A/8,

lOOnm Seconds Resolution depends on aperture; 
insensitive to movement

TEM 2 run -  1 pm 2 pm lOOnm Minutes Replication needed can destroy 
surface

SEM lOnm 2nm 2pm Minutes Vacuum needed

STM 2.5nm 0.2nm lOOnm Minutes Vibration-free mounting

Normarsky >0.5pm Minutes Needs interpretation and certain 
minimum reflectivity

Capacitance 2 pm Inm 50nm 2kHz Needs conductors

Interferometry* 
(This Study) 2pm 3nm 500pm Minutes Non-contacting

* Resolution and range have been adjusted to show the interferometer abilities used in this study.

O f the various methods available, interferometry was selected for this study. Several 

advantages of interferometry include a digital three-dimensional output, good resolution 

independent of range, high accuracy over range, and non-contact measurement. Disadvantages 

include cost of operation/maintenance, high precision optical equipment, and the possibility of 

thermal instability.
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2.10 Three-Dimensional Profîlometrv

The WYKO NT-2000 three-dimensional profilometer equipped with a 5x objective was 

used in this study. Together with Vision32 software, the WYKO NT-2000 utilizes a Michelson 

interferometer in vertical scanning interferometry mode to gather detailed information about 

surface features and includes analytical software for presentation of information in three or two- 

dimensional view. Vision32 software also contains descriptive numerical surface capabilities 

including average roughness (Ra), peak count (PC), and average wavelength (1%).

2.10.1 Scan Area and Stitching

The default scan area varies depending on field of view (fov), where the field of view 

(.5x, Ix, and 2x) operates inline with the 5x objective to create additional magnification 

perspective. A benefit of the three-dimensional profilometer is the ability to stitch separate scans 

of continuous surface features with a percentage of overlap, usually 25%, between the two 

different scans. Figure 2.24 illustrates the default scan areas available at a given (fov) as well as 

an idea o f some stitching areas that may be attained.

1

0.5x fov 

2.4 x 1.9 mm2

Ix fov 

1.2 x 0.92 mm2

2x fov 

0.6 x 0.46 mm2

o
□ □ 0

3 x 3  mm2 5 x 5  mm2 20 x 20 mm2

St
itc

he
c

□ □

Figure 2.24 Default scan areas and stitching areas.
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2.10.2 Output Displays

The WYKO NT-2000 is a very powerful and unique tool for the investigation of surface 

texture. Advantages of the WYKO NT-2000 include the ability to represent the Liiders band in 

three and two-dimensional views. Figures 2.25 -  2.27 show the various two and three- 

dimensional output displays, using a US penny as an example.

7.5 mm

Figure 2.25 The above figure shows the head side of a United States penny minted in 1987.
This perspective is an example of profilometry data configured to represent data 
in a contour plot. WYKO NT-2000 scanning parameters; VSI mode at Ix speed 
and full resolution, stitching together scans with 25% overlap to produce a scan 
of area equal to 56.25mm2.
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Figure 2.26 A three dimensional representation of Figure 2.25. Dimensions remain 7.5 mm x 
7.5 mm
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X Profile

Position (mm)

Y Profile

0 1 2 3 4 5 6 7
Position (mm)

Figure 2.27 A 2-D plot using Vision32 software to select an X profile (above left) and Y 
profile (below left). X and Y profile data is observed to be similar to data 
collected by a stylus measurement. The small contour plot (left) shows exactly 
where the X and Y profiles are located in reference to the entire scan. Note: the 
X-axis and Y-axis can be moved to any location on the contour plot, with 
respective 2-D data adjusting to represent the new location(s).
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3.0 RESEARCH OBJECTIVES

This investigation is primarily focused on assessing macroscopic surface changes 

resulting from discontinuous yielding in low-carbon sheet steel. Accordingly, research was to 

consist of creating and sampling Liiders bands formed on the surface of an uncoated sheet 

product and then carefully characterizing the resulting topography. In order to improve the 

understanding and application of material containing yield point elongation, research was planned 

to concentrate on expanding the understanding of Liiders band evolution by addressing the 

science behind discontinuous yielding as well as attempting to provide a tool for engineering 

applications.

The aim of this research is to provide an understanding of the evolving Liiders band 

geometry including how it relates to varying amounts of initial YPE present in the material. 

Several key concerns were addressed. These include (i) the development of a methodology to 

evaluate and quantify surface topography created by a propagating Liiders band, (ii) utilizing the 

profilometer to uniquely represent an evolving Liiders band in two and three dimensional aspects, 

(iii) relating observed phenomena to existing propagation models, (iv) establishing how a Liiders 

band varies with YPE present the material, (v) correlating observed Liiders band topography to 

similar topographies created industrially, and (vi) addressing the threshold of acceptable YPE 

going into forming operations.
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4.0 EXPERMENTAL PROCEDURE

4.1 Experimental Design

The objective of this research was to assess surface topography changes resulting from 

Liiders band propagation. A bake-hardenable steel was chosen for this investigation because it is 

commonly used in exposed applications and may be processed to control YPE. The experimental 

procedure included a sample preparation step followed by an extended period of testing whereby 

Liiders bands were created and captured at various amounts of YPE. Finally, test observations 

were compiled and a picture of surface geometry changes associated with Liiders band 

propagation was developed. Figure 4.1 shows the individual steps involved in the experimental 

design. The details involved in these steps are described below.

r

Sample
Preparation

Create
Luders
Bands

Evaluate
Luders
Bands

Data
Analysis

<

As-Received Material 

Shear Into 8” x 0.75” Coupons 

Temper Roll

Machine ASTM E8 Samples

Heat-Treat

Surface Preparation

MTS Alliance Screw Driven 

Tensile Machine 

Uniaxial Tension 

Transverse Direction 

Displacement Increments ~ 0.0015 in 

(0.038 mm)

<

1. WYKO NT-2000 Three-Dimensional 

Profilometry

2. Vision 32 Software Package

3. 2.4 mm x 1.9 mm Scan Area 

(0.094 in x 0.075 in)

Figure 4.1 Flow chart showing the experimental method.
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4.2 Material

Commercially produced bake-hardenable steel was selected for this investigation. Table

4.1 shows the chemical composition. The sheet was about 0.039 in (1.0 mm) in thickness with a 

galvanized coating and was processed for use in automotive panel forming operations. The 

material microstructure (Figure 4.2) was examined with a 2% nital etch and found to consist of 

ferrite grains approximately 0.015 mm +/- 0.001 mm (-0.0006 in) in diameter, corresponding to 

an ASTM grain size number of 9.

T A B LE JM ^^hem icaT C om ^ositio i^^R esearcl^^ateria^

Chemical Composition (wt %)

c N S Ti Mn P Si V Cb

0.0026 0.0019 0.014 0.011 0.17 0.021 0.009 0.007 -

Figure 4.2 Light optical micrograph of the as-received material in the transverse direction 
(2% nital etch, 500x).
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Although material provided by USS had originally been processed to remove the YPE, 

this material had been in storage for close to 2 years before shipment to the Colorado School of 

Mines (CSM) and there was some concern that YPE had returned (56). To measure the as- 

received properties, uniaxial tensile testing was performed. Results (Figure 4.3) showed clear 

evidence of YPE of about 1.08%. An MTS Alliance screw driven tensile machine at CSM was 

employed to measure the as-received mechanical properties shown in Table 4.2 and to perform 

other tension tests conducted in this study. Specimen dimensions were consistent with ASTM 

standard E8 for a sheet material and a strain rate of 0.01 in/min (0.254 mm/min) was used. 

Displacement measurements were made using a 2 in (50.8 mm) 10% Instron extensometer. 

Additional comments on specimen geometry are found in section 4.3.2. The return of YPE 

indicated a need for an initial temper-rolling step to remove YPE in the research material.

300
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i
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20 %

1  
S3 

t i
10

Engineering Strain (mm/mm)
Figure 4.3 As-received material uniaxial tensile properties (ASTM E-8 tensile specimen,

transverse direction, room temperature). Insert shows YPE regime more clearly.
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TABLE 4.2 -  Mechanical Properties of As-Received Sheet Steel

Test YS YPE TS TE
Direction (MPa) (% Strain) (MPa) (% Strain)

Transverse 231 1.08 321 45.5

4.3 Sample Preparation

Several steps were performed to create and document Liiders bands at various amounts of 

YPE. Sample preparation involved (i) evaluating the as-received condition, (ii) shearing tensile 

coupons, (iii) temper-rolling to remove YPE, (iv) machining tensile samples, (v) heat-treating to 

reintroduce controlled amounts of YPE, (vi) removing the galvanized coating and (vii) grinding 

and polishing one side of the sample to a mirror finish to enhance the visual appearance of strain 

lines that are subsequently developed. The galvanized coating was removed to better assess the 

underlying steel surface evolution, although one sample was also examined with the coating 

intact. Sample preparation steps are illustrated in Table 4.3 and discussed in detail in the 

following subsections.
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TABLE 4.3 -  Sample Preparation Steps

Processing Step Job Comment

i Evaluate As-Received YPE PresentCondition

ii Shear Into %” x 8” 
Coupons Transverse Direction

iii Temper-Roll 0.50% Reduction

iv Machine Tensile ASTM E-8Samples (Outsource)

V Heat-Treat Oil Bath at 150°C

vii Strip Galvanized 
Coating

Aqueous Solution of 10% HC1 and 1% 
Thiourea at Room Temperature

viii Grind and Polish 400 and 600 grit -  Grind 
800 grit -  Polish

4.3.1 Temper Rolling

Temper rolling was employed to bring the research material to an initial uniform state 

without YPE. Rolling was performed on the Fenn two-high laboratory rolling mill at CSM 

(Figure 4.4).
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Figure 4.4 Fenn two-high rolling mill used for skin pass rolling

Prior to rolling, as-received research material was sheared into % in x 8 in (19.05 mm x

203.2 mm) coupons along the transverse direction and scribed with a longitudinal six-inch line 

before a single pass temper roll. The rolling extension or thickness reduction applied to remove 

YPE was calculated by measuring the amount of elongation in the scribed line. Tensile testing 

was performed on the % in x 8 in coupons using different temper rolling reductions to assess the 

remaining YPE after reduction, as shown in Figure 4.5. A reduction of 0.25% was found to 

remove YPE from the research material. Nevertheless, a reduction of 0.5% was selected for 

study because it offered added resistance to a return of YPE in the research material.
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Figure 4.5 Temper rolling reduction to ensure YPE was not present in the material. A 
0.50% reduction was selected.

4.3.2 Tensile Specimens

The creation of Liiders bands in uniaxial tension was a key element of this work. 

Transverse tensile samples were prepared per ASTM standard E8, concerning tensile testing of 

sheet specimens (1). This standard dictates sample dimension (Figure 4.6 and Table 4.4), testing 

apparatus, and some methods for the interpretation of data. After the various degrees of YPE 

were created, samples were subjected to three-dimensional profilometry examination to 

characterize the geometric characteristics of the Liiders band. The stress-strain behavior of the 

research material after temper rolling 0.5% is shown in Figure 4.7. Table 4.5 shows the 

associated mechanical properties observed in the material.



Figure 4.6
G

Standard sheet tensile specimen reproduced from ASTM standard E8 (57).

TABLE4^^^imension^Associatec^With^i^ur^4^(^)

Dimension Definition Standard Specification (in)

G Gage length 2.000 ± 0.005

W Width 0.500 ±0.010

T Thickness Thickness of material

R Radius of fillet, min V%

L Over all length 8

A Length of reduced section, min 2%

B Length of grip section 2

C Width of grip section, approximate %
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Figure 4.7 Stress-strain material response after temper rolling and machining into tensile 
bars per ASTM standard E8.

TABLE 4.5 -  As-Received and Temper-Rolled Properties of Research Material

Test Specimen Test YS YPE TS TE
Condition Direction (MPa) (% Strain) (MPa) (% Strain)

As-Received T 231 1.08 321 45.5

As-Temper Rolled T 212 0 320 35

4.3.3 Reintroducing YPE

YPE was reintroduced into the temper-rolled material via a heat-treatment at 150°C using 

an oil bath to ensure uniform heating. The time at temperature was varied resulting in aging 

behavior illustrated in Figure 4.8. Samples were placed at room temperture into the preheated oil 

for a prescribed amount of time and then removed and immediately placed into a room
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temperature (~25°C) water bath to cool. Figure 4.8 (A and B) show stress-strain curves for eight 

samples subjected to different aging times and illustrates how the amount of YPE in each sample 

was determined.

It can be difficult to consistently identify and report the amount of YPE present in a 

material. As already stated, YPE is observed on the stress-strain curve and may be defined as 

(ASTM standard E6) “the difference between the elongation at the completion and at the start of 

discontinuous yielding” (59). It is left up to the individual to derive the transition points into and 

then subsequently out of discontinuous yielding via an examination of the stress-strain curve. In 

many cases the derivation of the transition points is fairly straightforward and reproducible 

process. In some instances, YPE determination is more ambiguous.

For the purpose of this research, the start of YPE was selected as the strain corresponding 

to a substantial departure from the linear elastic curve. The YPE starting point was most often 

observed to be associated with the upper yield point. When a distinct upper yield point was not 

present, then the onset of YPE was found using a percentage offset method.

The YPE end point was judged to be the last inflection point, excluding “noise”, after 

which the material was observed to work harden continuously and at a greater rate. In this study, 

testing conditions somewhat influenced the shape of the stress-strain curve and it was important 

to recognize this issue when individually determining the end point. Thus, each stress-strain 

curve was critically examined and a judgment of the Liiders strain was made using the above 

criteria. This procedure was satisfactory in most instances, although in a few cases (at small 

YPE values), interpretation of the stress-strain curves was more difficult.

Figure 4.9 shows the resulting heat-treating data from each sample with the addition of a 

logarithmic curve fit to indicate the kinetics of YPE return. The logarithmic curve fit (Equation 

4.1) allows for the prediction of desired YPE at known heat-treat times, where YPE is shown in 

relation to time, t, at 150°C.
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0.5 % strain

260

220
YPE = 1.03 % strain 

0.5 hr, 150°C
YPE = 0.86 % strain 

0.25 hr, 150°C
YPE = 1.22 % strain 

0.5 hr, 150°C
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Engineering Strain (% strain)
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280
40

YPE = 1.79 % strain 
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YPE = 1.64 % strain 
1.0 hr, 150°C

YPE = 1.26 % strain 
1.0 hr, 150°C

Engineering Strain (% strain)

Figure 4.8 YPE response in stress vs. strain to heat-treating for different times at 150°C. 
Note change in strain scale between A and B.
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Figure 4.9 Heat-treating curve showing a logarithmic curve fit in relation to data values.

YPE — 0.5 In(^) + 0.137 [4.1]

4.3.4 Coating Removal and Surface Preparation

The galvanized coating was removed to reveal the active steel surface for Liiders band 

propagation. Tensile sample were immersed in an aqueous solution of 10% HC1 and 1%

Thiourea at room temperature and then swabbed dry with cotton balls. The resulting surfaces 

were free from zinc but highly susceptible to oxidation. Coating removal was followed by a 

surface preparation step that included grinding one side of the sample with 400 and 600 grit 

abrasive paper on a 12 inch (305 mm) diameter wheel, followed by a period of polishing with 800 

grit paper resulting in a mirror finish.
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4.4 Creating Liiders Bands

A MTS Alliance screw driven tension machine (Figure 4.10) was used to introduce 

Liiders bands into the material via uniaxial tensile straining of the sample just past the yield point 

using displacement increments of approximately 0.0015in (0.038 mm) and a crosshead velocity 

of 0.01 in/min (0.254 mm/min). Next, the samples were removed from the tensile machine to 

analyze the newly created topographic features using three-dimensional profilometry. Finally, 

the samples were strained another incremental amount of displacement, 0.0015 in (0.038 mm), in 

tension causing existing Liiders bands to propagate and new bands to nucleate. This was 

followed again by another profilometry analysis, and this cycle of straining and profilometry was 

repeated, up to 50 times per sample until the gage section of the tensile bar was observed to have 

been strained everywhere. The appearance of the stress-strain curve for this testing regime is 

presented in Figures 4-10 A and B. The material used for the example in these figures was 

temper rolled but not heat-treated, although a similar procedure was used with the specimens 

having controlled amounts of YPE. Each increment of loading was followed by a profilometry 

analysis.

Tensile
Sample

Exlensometer

Figure 4.10 Tensile machine used to create Liiders bands in uniaxial tension.
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Figure 4.11 Incremental loading of an ASTM E8 sample temper rolled but not heat-treated.
Figures (A) and (B) are the same curve with different axis scaling. The strain axis 
has been expanded in (A) to better show the incremental loading. After each 
incremental loading, a profilometry analysis was performed.
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4.5 Analyzing Liiders Bands

Of importance in this study is the ability to precisely measure the surface geometry of 

Liiders bands formed on the sample surface. For this analysis, the WYKO NT-2000 three- 

dimensional profilometer was the primary instrument for measuring Liiders bands. The WYKO 

profilometer, together with Vision32 software, is capable of gathering detailed information about 

surface features and includes analytical software for presentation of information in three or two- 

dimensional views. Figure 4.12 shows the different parts of the WYKO NT-2000 setup.

Objective
Magnetic

Table
Rotating

Table
Motorized

Figure 4.12 The WYKO NT-2000 three-dimensional profilometer.



54

4.5.1 Detecting Liiders Bands

To insure that the WYKO NT-2000 profilometer would accurately detect, measure, and 

present Liiders band data, a threefold Liiders band identification criterion was developed to 

standardize results obtained in this project. This procedure consisted of (I) uniform surface 

preparation, (II) visual inspection of the sample before, during and after creating Liiders bands, 

and (III) identifying a crosshatch pattern and/or linear surface features at an angle approximately 

45° to 50° with respect to the stress axis. The most important criterion is identifying a crosshatch 

pattern and/or a linear surface feature fitting the appropriate angle with respect to the stress axis.

4.5.2 Standardizing Profilometry Measurement

It has previously been mentioned (in Section 2.5.3) that Liiders bands are known to be 

oriented at an angle between 45 and 50° to the tensile axis. In order to use the full capability of 

some profilometer software features, having the Liiders perpendicular to the x-axis was helpful. 

The rotational table placed on the profilometer allowed for the rotation of the specimen in the 

field of view. Figures 4.13 and 4.14 show an example of how this rotation was performed by 

illustrating the initial and “rotated” images. After rotation, the profiles were filtered using the tilt 

and, in some instances, cylinder filtration options. Cylinder filtration was performed about an 

axis parallel to the Liiders band, after removing the region of discontinuous deformation using a 

terms mask. Appendix A summarized the filtration steps performed in this study. Later scans 

presented in this thesis will have already been adjusted showing a perpendicular Liiders -  x-axis 

intersection used to gather two-dimensional geometric data of the Liiders band.

In the two-dimensional view, the trace of the profile may be adjusted to show either 

“local” data, or “averaged” data along a large number of parallel traces through the profile.

Figure 4.15 shows how increasing the width of the trace over the same sample length removes 

“local” features on the surface. In this study, the width of the two-dimensional trace was set at 

1.8 mm (almost the width of the entire scan area in the x-direction), although “local” data were 

gathered to characterize the variability of the analysis in some cases.
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2.4 mm

Figure 4.13 A Liiders band is observed to be oriented at an angle from the tensile axis.

2.4 mm

Figure 4.14 Liiders band in Figure 4.13 is rotated in the field of view to be perpendicular to 
the x-axis.
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X-Axis Position (mm)

Figure 4.15 The width of the two-dimensional trace (shown on the contour views) can affect 
the appearance of the two-dimensional profile (right). On top, the contour and 
two-dimensional view of a stylus trace is shown on top. The lower contour and 
two-dimensional view show a trace width of 1.2 mm.
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5.0 RESULTS

Eleven Liiders bands were examined on eight tensile specimens containing YPE ranging 

from a low of 0.13 % strain to a high of 2.09 % strain (denoted as Samples B through I 

respectively). One additional sample (Sample A) containing no YPE was also included in the test 

matrix. For each sample, a cycle of loading to just past the yield point, unloading, recording 

surface topography changes, then repeating the process was undertaken. All samples were 

prepared by aging for various times at 150°C, chemically stripping the galvanized coating, and 

polishing one side to a mirror finish. Surface topography assessment of the Liiders band was 

made on the polished side only. This testing allowed for the collection of data including tensile 

stress-strain curves, three and two-dimensional profilometry. Results are presented in the 

following sections.

5.1 Tensile Stress-Strain During Incremental Loading

Each sample was incrementally loaded in uniaxial tension between 4 and 33 times with 

an approximate displacement in each increment of about 0.0015 inches (0.0381 mm). This 

displacement corresponded to a strain increment o f approximately 0.075 % strain. In each 

tensile sample, the incremental “sub-curves” are arranged in sequential order and displaced 

appropriately on the strain axis as shown in Figures 5.1 through 5.9. Note that the figures are 

plotted to highlight yielding behavior and not the entire stress-strain curves.
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Figure 5.1

Figure 5.2
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Uniaxial tensile curve for Sample A, as-rolled (no heat-treatment), showing YPE 
= 0.00 % Strain. Early strain displacement increments were approximately 
0.0015 inches (0.0381 mm) at a strain rate of 0.01 in/min (0.254 mm/min).

- f aXfl

%
•Id

ti

YPE = 0.145 % Strain 
0.1 hr., 150°C

230

220

210

30
0.1 0.20 0.3 0.4 0.5

xfl
6»!
•sL
G

Engineering Strain (% Strain)

Expanded view of YPE in Sample B. Four incremental loading cycles are 
shown. YPE was 0.145 % strain. Aged for 0.1 hr at 150°C.
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Figure 5.3

Figure 5.4
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Expanded view of YPE in Sample C. Twelve incremental loading cycles are 
shown with dashed lines indicating every fifth incremental loading cycle. YPE 
was 0.345 % strain. Aged for 0.2 hr at 150°C.
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Expanded view of YPE in Sample D. Twenty-one incremental loading cycles are 
shown with dashed lines indicating every fifth incremental loading cycle. YPE 
was 0.70 % strain. Aged for 0.3 hr at 150°C.
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Figure 5.5

Figure 5.6
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Expanded view of YPE in Sample E. Sixteen incremental loading cycles are 
shown with dashed lines indicating every fifth incremental loading cycle. YPE 
was 0.55 % strain. Aged for 0.4 hr at 150°C.
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Expanded view of YPE in Sample F. Fourteen incremental loading cycles are 
shown with dashed lines indicating every fifth incremental loading cycle. YPE 
was 1.055 % strain. Aged for 0.5 hr at 150°C.
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Figure 5.7

Figure 5.8
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Expanded view o f YPE in Sample G. Twenty-seven incremental loading cycles 
are shown with dashed lines indicating every fifth incremental loading cycle. 
YPE was 1.405 % strain. Aged for 1.0 hr at 150°C.
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Expanded view of YPE in. Twenty-six incremental loading cycles are shown 
with dashed lines indicating every fifth incremental loading cycle. YPE was 1.51 
% strain. Aged for 2.0 hr at 150°C.
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Figure 5.9 Expanded view of YPE in Sample I. Thirty-three incremental loading cycles are 
shown with dashed lines indicating every fifth incremental loading cycle. YPE 
was 2.09 % strain. Aged for 24.0 hr at 150°C.

The time between reloading increments was typically one hour and in several of the 

stress-strain curves (particularly those corresponding to Samples D, H and I), the material 

appeared to show some strain aging during the test procedure. For example, in Sample I (Figure 

5.9), at about 1 % strain and then again at about 1.6 % strain, the stress is observed to increase 

abruptly and then remain relatively constant with increasing strain, suggesting that the material is 

continuing to yield discontinuously, although the behavior of the Liiders bands may also be 

affected somewhat. The stress-strain jumps in Sample I (Figure 5.9) are most likely a result of 

extended periods of aging (overnight -  approximately 12 hours at room temperature). It is 

therefore perhaps not unexpected that the material should experience some strain aging between 

unloading and reloading after surface evaluation, although specimen alignment prior to reloading 

could also influence this behavior. Future research studies to strain the specimen in-situ at the 

profilometer would helpful in this regard.

From the observed stress-strain data, the material appears to respond predictably in 

accordance with aging time applied at 150°C. Figure 5.10 shows the stress-strain curves plotted 

adjacent to each other and suggests that as the heat-treatment time increases, YPE increases.
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YPE values noted in Figures 5.1 through 5.9 are summarized in Table 5.1. Monotonie values of 

YPE are also presented for similar heat-treating conditions (as presented in Figure 4.9) in Figure 

5.11, showing how incremental YPE relates to the monotonie YPE results. The incremental YPE 

agree well with the expected YPE. Unless otherwise noted, YPE values hereafter will be 

referencing incrementally YPE data.

502%
Strain i

300
40

P 200

m  100

YPE = 2.09% 
24 hr. 150°C

YPE = 1.055% 
0.5 hr, 150°C

YPE = 2.34% 
2.0 hr, 150°C

YPE = 0.345% 
0.2 hr, 150°C

YPE = 0.55% 
0.4 hr, 150°C

YPE = 1.405% 
1.0 hr, 150°C

YPE = 0.00% 
No Heat- 
Treatment

YPE = 0.145% 
0.1 hr, 150°C

YPE = 0.70% 
0.3 hr, 150°C

Engineering Strain

Figure 5.10 Stress-strain curves from the experimental material presented in relation to each 
other at various heat-treating times and resulting YPE. Note the curves are 
shown from low YPE to high YPE, along the abscissa.
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TABLE 5.1 — Uniaxial Tensile Aging Data for Material Heat-Treated at 150°C

Sam ple Tim e (hr)
Yield Point Elongation  

(% Strain)
(From Increm ental Loading)

A 0.0 0

B 0.1 0.15

C 0.2 0.35

D 0.3 0.70

E 0.4 0.55

F 0.5 1.06

G 1.0 1.41

H 2.0 2.34

I 24 2.09

2.5

A  Incremental YPE 
— Monotonie YPE0.5

0 1.5 2 2.5 3.50.5 3
Time (hr)

Figure 5.11 Incremental YPE found via inspection of the incremental stress-strain curve
matches well with “monotonie” YPE calculated from the aging curve presented 
in Figure 4.9 and Equation 4.1. Note that axes were scaled to highlight early 
aging times. An additional datum at 24 hours was not shown in this figure.
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5.2 Visual Observations

Eight samples, Samples B through I, were aged to show various amounts of YPE and an 

additional unaged sample (Sample A) was included displaying a surface with no YPE. Among 

the eight samples, eleven Liiders bands were documented. Liiders bands created on the surface of 

the samples were first assessed visually, using the naked eye and ambient lighting. This step was 

taken in order to locate distinctive Ludering features for further assessment using three- 

dimensional profilometry. Surface features of visual interest include: linear topographic 

depressions lying at an angle approximately 45 degrees to the tensile axis and crosshatch patterns 

of fine Liiders features commonly observed to occur at lower values of YPE. To aid in the 

profilometry analysis, a surface map was developed for each sample (Figures 5.12 -  5-20). The 

locations of the eleven three-dimensional surface scan areas are noted in Figures 5.12 through 

5.20. Table 5.2 also summarizes the eleven Liiders bands and comments on the location of the 

Liiders bands on the gage section.

In Figures 5.12 — 5.20, scan areas are somewhat exaggerated in size to better display the 

approximate location of the profilometry scans. The figures are schematic representations o f the 

observed surface topography. The Liiders band orientation angle with the tensile axis and the 

exact initial position of the Liiders band within the gage length, although generally oriented and 

displayed correctly, may not be the true orientation or position of the band. These maps are only 

intended to represent the general location and orientation of the Liiders bands and aid in the 

profilometry investigation. It should also be noted that the Liiders bands naturally grow to 

substantial widths with increasing strain, so the position of the band changes with strain.

No Luders Bands Observed

Sample A 

YPE = 0.00%

No Heat-Treatment_______

Scan Area

Figure 5.12 The gage length was observed to show no surface topography. Sample A, as- 
temper rolled condition, YPE = 0.00%.

Loading Axis
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Fine
Crosshatch

Sample B 

0.1 hr, 150-C 

YPE =  0.145%

Loading Axis

0
Scan Area

Figure 5.13 A fine crosshatch pattern of surface topography and scan area location for three- 
dimensional profilometry is shown. No distinct Liiders band was detected and 
future presentation of surface topography concerning this scan area will be 
designated as Sample B, Liiders band 0 (YPE present but no separate and distinct 
feature). Sample B, aged 0.1 hr in a 150°C oil bath, YPE = 0.145 % strain.

Fine

Luders
Band

1 Fine
CrosshatchCrosshatch

Sample C 

0.2 hr, 150''C 

YPE = 0345%

Loading Axis

1
Scan Area

Figure 5.14. Liiders band 1 bordered by fine crosshatch surface topography. Scan location
shows where three-dimensional profilometry was employed. Sample C, aged 0.2 
hr in a 150°C oil bath, YPE was 0.345 % strain.

Luders Bands 

2 3

Sample D 

0.3 hr, 150"C 

YPE = 0.70%

Loading Axis

2 3

Scan Area

Figure 5.15 Liiders bands 2 and 3 are illustrated on the standard ASTM E8 tensile bar. Three- 
dimensional profilometry scan locations are also noted. Sample D, aged 0.3 hr in 
a 150°C oil bath, YPE was 0.70 % strain.
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Luders Bands 

5 4

Sample E 

0.4 hr, 150°C 

YPE =  0.55%

Loading Axis

4 5

Scan Area

Figure 5.16 Liiders bands 4 and 5 are illustrated with scan locations for each. Sample E, aged 
0.4 hr in a 150°C oil bath, YPE was 0.55 % strain.

Luders Band 

6

Loading Axis
y

Scan Area

Sample F  

0.5 hr, 150°C 

YPE = 1.055%

Figure 5.17 Liiders band 6 is illustrated with scan location. Sample F, aged 0.5 hr in a 150°C 
oil bath, YPE was 1.055 % strain.

Luders Band

Sample G  

1 hr, 150°C 

YPE = 1.405%

Loading Axis

87
Scan Area

Figure 5.18 Liiders bands 7 and 8 are illustrated with scan locations for each. Sample G, aged 
1 hr in a 150°C oil bath, YPE was 1.405 % strain.
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Luders Band

9 10

Sample H 

2 hr, 150°C 

YPE =  2J4%

Loading Axis

9 10
Scan Area

Figure 5.19 Liiders bands 9 and 10 are illustrated with scan locations for each. Sample H, 
aged 2 hr in a 150°C oil bath, YPE was 1.51 % strain.

Luders Band

11

Sample I 

24 hr, 150"C 

YPE = 2.09%

Loading Axis

11
Scan Area

Figure 5.20 Liiders band 11 is illustrated with scan location. Sample I, aged 24 hr in a 150°C 
oil bath, YPE was 2.09 % strain.
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TABLE 5.2 — Visual Observation Data for Each Individual Lüders Band

Sam ple Lüders Band Yield Point Elongation  
(% Strain)

Location on the Gage 
Length

A - 0.00 -

B 0 0.15 Fine Crosshatch
C 1 0.35 Midsection
D 2 0.70 End
D 3 0.70 Midsection
E 4 0.55 V2 End, V2 Mid
E 5 0.55 V2 End, V2 Mid
F 6 1.06 End
G 7 1.41 End
G 8 1.41 End
H 9 2.34 End
H 10 2.34 Midsection
I 11 2.09 Midsection

5.3 Profilometry Analysis of Lüders Bands

In Figure 5.21 the stress-strain condition for each three and two-dimensional view is 

shown and corresponding to Figure 5.21, or Figures 5.22 through 5.28 shows a detailed example 

of the nucléation and propagation for a single Lüders band using three-dimensional contour plots 

and two-dimensional depth vs. position plots. The sample used in this example, Sample H, 

Lüders band 9, was subject to a heat-treatment of 2 hours in a 150°C oil bath resulting in 2.34% 

YPE. Lüders band 9 was selected because it was readily apparent to visual inspection and 

developed in a representative fashion. Tensile specimen H was subjected to a total of twenty-four 

incremental loading cycles and profilometry scans were performed after each cycle. Several of 

the scans are reproduced in Figures 5.22 -  5.28. Strain conditions, represented by the numbers 1- 

4, 6, 14 and 20 in Figures 5.21 through 5.28, designate the incremental loading/unloading cycle at
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the time of the scan. The number 1 refers to the first loading/unloading cycle, whereas 20 refers 

to the twentieth incremental cycle.

Incremental loading cycles 1-4, 6, 14, and 20 were selected for this example because they 

summarize the key topographic changes resulting from the evolving Lüders band. These include 

nucléation, deepening into the material, broadening across the sample surface, and a final 

“residual” surface topography. Apparently, the surface develops a “residual” topography that 

does not change substantially with additional strain. Presumably the sample thins and 

microroughness continue to evolve with strain, however. In the specimen having 2.34 % YPE, 

the Lüders band is observed to, reach a maximum depth at a strain of about 0.29% strain (Figure 

5.24) and “residual” topography around 0.73% strain (Figure 5.27). .

40

0 0
0 0.2 0.4 0.6 0.8 1

Engineering Strain (% Strain)
Figure 5.21 Stress-strain curve for Sample H showing incremental loading cycles 1-4, 6, 14, 

and 20. Total YPE in Sample H was found to be 2.34 % strain.
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Figure 5.22 A three-dimensional contour view of a Lüders band immediately after nucléation 
(Top). The U-shaped scratch in the upper right center of the contour view acts as 
a marker to be noted in later figures. Two-dimensional data (lower) show the 
cross-sectional view of the three-dimensional scan. Surface, substrate and 
Lüders band location are noted. Sample H, Lüders band 9, strain = 0.15%.
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Figure 5.23 Incremental loading cycle 2. The Lüders band has deepened and broadened with 
increased strain, in comparison to Figure 5.22. Sample H, Lüders band 9, strain 
— 0.21% strain.
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Incremental loading cycle 3. A second Lüders band is observed in the scan area 
at the right side of the contour view, also visible as the drop in vertical position 
around 2.25 mm in the two-dimensional view. Sample H, Lüders band 9, 0.29% 
strain
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Figure 5.25 Figure 5.23 Incremental loading cycle 4. Three-dimensional contour view 
(top) and two-dimensional view (lower) show diminished width and apparent 
depth compared to Figure 5.24. Sample H, Lüders band 9, strain =0.35%
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Figure 5.26 Incremental loading cycle 6. Lüders band front is outside of the scan area.
Three-dimensional contour view (top) and two-dimensional view (lower) show 
residual topography. Sample H, Lüders band 9, strain = 0.44%
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Figure 5.27 Incremental loading cycle 14. Surface topography appears to change only
slightly as compared to Figure 5.26. Sample H, Lüders band 9, strain = 0.73%
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Incremental loading cycle 20. The three-dimensional contour view (top) and the 
two-dimensional view (bottom) show surface topography that appears almost 
unchanged since loading cycle 6 (Figure 5.26). Sample H, Lüders band 9, strain 
= 0.92%
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5.3.1 Lüders Band Propagation

In an attempt to better represent the surface topography changes shown in Figures 5.22 

through 5.28, profiles were adjusted to a common vertical scale. Two-dimensional data are used 

here to determine the width and depth of the Lüders band at each incremental strain condition, 

and to follow the evolution of the profile in an incremental fashion. When the “original” surface 

is visible in a portion of the profile, the profile may be plotted to show that reference surface at a 

depth of zero. The “original” surface is meant to imply an undeformed region through which a 

Lüders band has not propagated. Due to tensile sample elongation after each incremental loading 

cycle, the position of the Lüders band may also drift horizontally in the field o f view. Each 

individual profile was therefore also adjusted horizontally to show its maximum depth at a 

common zero position. Figure 5.29 shows this horizontal and slight vertical adjustment in Lüders 

band 9 at strain condition 3 (shown in Figure 5.24). This method of indexing the Lüders band 

addressed mechanical drift and misalignment issues that arose as a result of (among others) slight 

changes in tensile sample dimensions, limited movement (play) of the fixture setup, and multiple 

removal/replacement o f the sample during the testing regimen. Fixed features within the scan 

area i.e. marks and scratches, served as reference points ensuring that from one scan to the next 

the general area of interest was maintained.

o

I
5  -1 
8- Q

-2

- 1 0  1 2  3
Position (m m )

Figure 5.29 Adjustment to the location of Lüders band 9, cycle 3 (from Figure 5.24) 
containing an “original” surface.

Horizontal Adjustment x
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As the Lüders band evolved, among other phenomena, it was observed to broaden across 

the surface. At some point, the Lüders band front passed out of the field of view of a single 

profilometer scan and the resulting surface topography therefore does not contain an original 

reference surface. Profiles without this reference surface were also adjusted horizontally to show 

the maximum depth at the defined zero position but vertically plotted in a discretionary fashion, 

with respect to the previous strain condition, whereby the “bottom” of the Lüders band is 

maintained at a common reference position of the figure. Thus, the profile with no reference 

surface would be adjusted horizontally to plot the maximum depth at the zero position and 

vertically at the depth of the previous curve. Figure 5.30 shows how the profile of Lüders band 9, 

strain condition 4, is plotted with respect to the profile for strain condition 3. The resulting 

profiles in Figures 5.29 and 5.30 are then combined into a two-dimensional representation with 

similarly adjusted profiles at other strain levels to show the evolution and propagation of a single 

Lüders band in a fixed field o f view (Figure 5.31). Evolution of this Lüders band may also be 

observed in the three-dimensional contour plot progression of Figure 5.32, with the shading 

adjusted to a common vertical scale.

I

X Original Profile0

Horizontal Adjustment

Adjusted Profile

■2 Maximum Depth from Strain Condition 3 (2.092pm)

21 10
Position (mm)

Figure 5.30 Adjustment made to the location of a Lüders band that has expanded out of the 
field of view o f a single profilometer scan. Sample H, Lüders band 9, strain 
condition 4
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Figure 5.31 The propagation of a single Lüders band is shown at increasing strain increments.
Profiles 1-4, 6, 14 and 20 were introduced in Figures 5.20 and 5.26 respectively.
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Figure 5.32 Evolution of the Lüders band presented in Figures 5.22 -  5.28 with shading 
adjusted to a common vertical scale.
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5.3.2 Two-Dimensional Profiles

Figures 5.33 through 5.45 show two-dimensional summary representations of the 

nucléation and growth for each Lüders band in the test matrix. Figure 5.33 shows the polished 

surface prior to strain in the unaged material. Sample A. This sample yielded continuously. In 

Sample B (YPE = 0.145 % strain), a well-defined Lüders band was not observed; rather, surface 

topography consisted o f a crosshatch of Lüders features. One stitched three-dimensional profile, 

4mm x 4mm, (Figure 5.34), was used to capture the surface topography of Sample B. In Sample 

C (YPE = 0.345 % strain), Lüders band 1 (Figure 5.35), the Lüders band was not observed to 

change substantially with incremental strain, suggesting that incremental surface scans may have 

only captured the residual topography. Figures 5.36 through 5.45 show profiles of Lüders band 2 

through 11. Each figure represents a single Lüders band recorded in the same position with strain 

increments noted numerically. Multiple profiles are plotted on each figure using the method 

presented in the previous section to display each curve with respect to the previous profile.

Î - 0 .

Prestrained Polished Surface

- 0.2

0 10.5 1.5 2
Position (mm)

Figure 5.33 Two-dimensional profile of Sample A prior to strain. No Lüders bands were 
observed during subsequent deformation.
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Figure 5.34 Two-dimensional profile of Sample B, Lüders band 0 at strain cycle 2.
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Figure 5.35 Two-dimensional profile of Sample C, Lüders band 1 at strain cycles 5, 6, and 7.
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Two-dimensional profile of Sample D, Lüders band 2 at strain cycles 6-8, and 14. 
Note change of depth scale compares to Figure 5.35.
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Figure 5.37 Two-dimensional profile of Sample D, Lüders band 3, at strain cycles 12-15, and 
20 .
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Figure 5.38 Two-dimensional profile of Sample E, Lüders band 4, at strain cycles 5-7.
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Figure 5.39 Two-dimensional profile of Sample E, Lüders band 5, at strain cycles 5-10.
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Two-dimensional profile of Sample F, Lüders band 6, at strain cycles 4-10. Note 
change in depth scale compared to Figure 5.39.
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Luders Band 07 
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-2.5
0 1

Position (mm)

Figure 5.41 Two-dimensional profile of Sample G, Lüders band 7, at strain cycles 4-8, and 
18.
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Figure 5.42 Two-dimensional profile of Sample G, Lüders band 8, at strain cycles 10, 15, 20- 
22, and 25.
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Figure 5.43 Two-dimensional profile of Sample H, Lüders band 9, at strain cycles 1-4, 6, 14, 
and 20.
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Two-dimensional profile of Sample H, Lüders band 10, at strain cycles 13-17, 
and 20.
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Figure 5.45 Two-dimensional profile of Sample I, Lüders band 11, at strain cycles 1-7, 10, 
12, and 14. Note change in scale compared to Figure 5.44.
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5.3.3 Characteristics of the Lüders Band Topography

Two-dimensional profiles in Figures 5.35 through 5.45, in each case, show the Lüders 

band propagation to a maximum depth in the (2.4mm x 1.9mm) fixed scan area. This condition 

of maximum depth was deemed the most severe Lüders condition and consequently, the condition 

most readily visible to the naked eye. At this maximum depth, some of the original undeformed 

surface was still present in each profile, except for Sample B (YPE = 0.145 % strain), Lüders 

band 0. In Sample B, a single “defined” Lüders band was not observed; rather Lüders features 

were observed to form a fine crosshatch array. Sample C (YPE = 0.345 % strain), Lüders band 1, 

appears to have been assessed after the Lüders band reached residual geometric proportions.

As previously noted, the presence of the original reference surface in the profile allows 

values of each dimension, depth and width, to be gathered describing the Lüders band at low 

strains. Figures 5.46 through 5.56 show the Lüders bands at their maximum “local” depth and 

width. There is apparently a “local” band at the point of nucléation that remains after complete 

propagation o f Lüders band through the gage section. Figures 5.57 through 5.67 present this 

residual depth and width. Finally, “local’ depth width of the Lüders band at the maximum and 

residual condition are summarized in Table 5.3. The table includes a value describing the strain 

in the profile relative to the total YPE in each sample.
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Figure 5.46 Maximum depth and the width at that maximum depth are shown for Sample C,
Lüders band 1, incremental loading cycle 5.
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47 Maximum depth and the width at that maximum depth are shown for Sample D, 
Lüders band 2, incremental loading cycle 7.
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Figure 5.48 Maximum depth and the width at that maximum depth are shown for Sample D,
Lüders band 3, incremental loading cycle 14.
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49 Maximum depth and the width at that maximum depth are shown for Sample E, 
Lüders band 4, incremental loading cycle 6.
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Figure 5 .50 M axim um  depth and the width at that maximum depth are show n for Sample E,
Lüders band 5, incremental loading cycle 9.
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51 Maximum depth and the width at that maximum depth are shown for Sample F,
Lüders band 6, incremental loading cycle 6.
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Figure 5.52 M axim um  depth and the width at that m aximum depth are shown for Sample G,
Lüders band 7, incremental loading cyc le  6.
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53 Maximum depth and the width at that maximum depth are shown for Sample G, 
Lüders band 8, incremental loading cycle 21.
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Figure 5.54 Maximum depth and the width at that maximum depth are shown for Sample H,
Lüders band 9, incremental loading cycle 3.
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55 Maximum depth and the width at that maximum depth are shown for Sample H, 
Lüders band 11, incremental loading cycle 16.
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Figure 5 .56 M axim um  depth and the width at that m axim um  depth are shown for Sample I,
Lüders band 12, incremental loading cyc le  6.
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Figures 5.57 Residual depth and width are shown for Sample C, Lüders band 1, and 
incremental loading cycle 5.
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Figure 5.58 Residual depth and width are shown for Sample D , Lüders band 2, and
incremental loading cyc le  14.
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59 Residual depth and width are shown for Sample D, Lüders band 3, and 
incremental loading cycle 20.

-0.4

- 0.8

- 1.2

- 1.6

-2

L

L

L
Depth 

0.42 pm

L

L

7

Width 
1.42 mm

L

Luders Band 4 
YPE = 0.55%

Position (mm)

Figure 5 .60 Residual depth and width are shown for Sample E, Lüders band 4 , and
incremental loading cycle 7.
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61 Residual depth and width are shown for Sample E, Lüders band 5, and 
incremental loading cycle 10.
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Figure 5.62 Residual depth and width are shown for Sample F, Lüders band 6, and
incremental loading cycle 10.
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Figure 5.63 Residual depth and width are shown for Sample G, Lüders band 7, and 
incremental loading cycle 18.
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Figure 5 .64  Residual depth and width are shown for Sample G, Lüders band 8, and
incremental loading cycle  25.
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Residual depth and width are shown for Sample H, Lüders band 9, and 
incremental loading cycle 20.
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Figure 5.66 Residual depth and width are show n for Sample H, Lüders band 10, and
incremental loading cycle 20.
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Figure 5.67 Residual depth and width are shown for Sample I, Lüders band 11, and 
incremental loading cycle 14.

TABLE 5.3 -  Summary of the Lüders Band Profile Characteristics

S am p le L ü d ers
B an d

Y P E  M a x im u m  
(%  S tra in ) D ep th  (pm )

W id th  at 
M axim u m  

D ep th  (m m )

R ela tiv e  S tra in  at 
M a x im u m  D ep th  

(as % o f  Y P E )

R esid u a l
D ep th
(p m )

R esid u a l
W id th
(m m )

A - 0 - - - - -

B 0 0.145 - - - - -

C 1 0.345 0 .14 1.55 28 .6 0 .14 0 .99

D 2 0.70 0 .90 1.96 25 .9 0.21 0 .72

D 3 0.70 0.83 1.86 48 .6 0.31 1.26

E 4 0.55 1.35 1.98 23 .7 0.42 1.42

E 5 0.55 1.26 1.92 37.3 0.52 1.10

F 6 1.055 1.32 1.92 11.1 0.32 0.98

G 7 1.405 1.29 1.71 13.8 0.38 0.58

G 8 1.405 1.69 1.87 65 .8 0 .46 0 .88

H 9 2.34 2 .09 1.72 6.9 0.55 0 .74

H 10 2.34 2.25 1.30 29.1 0 .57 0.67

I 11 2.09 2.73 2.05 17.8 0 .89 0.93
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5.3.4 Variability of the Measured Maximum Depth

Table 5.3 presented data describing the maximum depth of the Lüders band measured in the fixed 

scan area (Figures 5.46 -  5.56). This value was derived from the averaged two-dimensional 

profile taken along the scan area and does not express local peaks and depths on the surface that 

may, in cases, be greater then the reported average value. Some additional analyses were 

conducted to compare the “average” depth with local depth measured at specified regions of the 

Lüders band. In addition to the averaged profile (approximately 1.9 mm in width and 2.4 mm in 

length) twenty smaller profiles (approximately 0.1 mm in width and 2.4 mm in length) were taken 

0.1 mm apart in an attempt to better describe to local surface geometries that may have depth 

measurements that varied from the average depth. Table 5.4 presents the local maximum and 

minimum depth for each Lüders band corresponding to Table 5.3. The results in Table 5.4 

confirm that there is a range of depths represented across the profile and the average value thus 

“dampens” some of the local features. However, the range of depths is small enough that the 

average depth is believed to suitably characterize the overall Lüders band depth.

TABLE 5.4 -  Range of Maximum Depth Data

Sample Lüders Maximum Range of M aximum Depth
Band Depth (pm) High (pm) Low (pm)

A - - - -

B 0 - - -

C 1 0.14 0.43 0.08
D 2 0.90 1.28 0.83
D 3 0.83 1.09 0.79
E 4 1.35 1.75 1.30
E 5 1.26 1.63 1.18
F 6 1.32 1.75 1.29
G 7 1.29 1.66 1.26
G 8 1.69 2.23 1.64
H 9 2.09 2.39 1.87
H 10 2.25 2.63 2.11
I 11 2.73 3.16 2.51
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5.4 Galvanized Coating

In addition to the Samples A through I, one ASTM E8 tensile sample was prepared to 

assess the geometric response of a Lüders band on the surface of the low-carbon steel test 

material with an industrially applied galvanized coating. The surface of the galvanized coating 

was prepared using a polishing compound and a Dremel hand tool fitted with and polishing cloth. 

The coated sample was aged for 1.5 hours at 150°C; stress-strain and two-dimensional 

profilometry results are presented in Figures 5.68 and 5.69 respectively. YPE was found to be 

1.28 % strain and Figures 5.70 and 5.71 show the maximum and residual depth and 

corresponding width of the coated profile, since Lüders bands were not visible after straining on 

the as-received galvanized surface. Table 5.5 summarizes galvanized coating observations.

280

.5 240

YPE = 1.28% strain

44

40

36

£
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0 0.4 0.8 1.2 1.6
Engineering Strain (% strain)

Figure 5.68 Incremental stress-strain curve for coated material aged 1.5 hr at 150°C. YPE 
was 1.28 % strain. Every fifth incremental loading cycle is represented by a 
dashed line.
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Figure 5.69 Two-dimensional profilometry of the coated specimen. YPE was 1.28 % strain.
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Figure 5.70 Maximum depth and corresponding “local” width of the coated sheet steel 
specimen.
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Figure 5.71 Residual depth and corresponding “local” width of a low -carbon sheet steel 
specimen w ith a galvanized coating.

TABLE 5.5 -  Characteristics of the Coated Lüders Band

Lüders
Band

YPE 
(% strain)

Maximum 
Depth (pm)

Width at 
Maximum 

Depth (mm)
Residual 

Depth (pm)
Residual 

Width (mm)

Coated 1.28 1.82 1.74 0.46 0.67
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6.0 DISCUSSION

Assessment of eleven Lüders bands revealed topography characteristics including an 

apparent “local” condition of maximum vertical contrast (depth) to a final condition reflecting 

residual features. As the Lüders band propagated, the active zone of deformation (Lüders band 

front) was observed to expand out of the 2.4mm x 1.9mm scan area and either combine with 

neighboring Lüders bands or continue to propagate laterally across the sample surface. The use 

o f three-dimensional profilometry to assess Lüders band evolution allowed for a new perspective 

o f the Lüders phenomenon.

6.1 Characteristics of the Lüders Band Propagation

Lüders bands were observed to develop and propagate in several stages. Figure 6.1 

schematically depicts the general depth and relative strain relationship (as a function of YPE) 

observed in these stages of propagation. In the first stage of development, the Lüders band 

appeared on the material surface as a well defined linear feature spanning the width of the gage 

section at an angle between approximately 45° and 50° to the tensile axis. Stage one occurred at 

early strains, followed shortly thereafter by a period of rapid deepening and some broadening 

(stage two) of the Lüders band. Although some bands in stage two deepen at a lesser rate then 

others (Figure 6.2 describes the relative strain where the Lüders band maximum contrast in depth 

occurs with respect to the total amount of YPE present in each respective sample), the Lüders 

band percentage increase in depth was dramatically greater then the percentage increase in width 

(in absolute terms, the width changes are much greater than the depth, however). At what 

appears to be a “characteristic” maximum depth, the Lüders band entered stage three where the 

depth remained constant and propagation was primarily lateral across the surface. In the fixed 

scan area a residual surface corresponding to the location were the Lüders band initially nucleated 

is also observed. Results suggest that the maximum “local” depth is achieved early in the yield 

process, generally in the first third of the Lüders strain. This behavior is not entirely surprising, 

since Lüders bands form at very low strains, and have been believed to propagate uniformly 

thereafter (56).
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1 Generalized schematic representation of a Lüders band in the fixed scan area. 
Three stages of propagation are illustrated, (1) nucléation, (2) growth into the 
material, and (3) growth along sample gage length.
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Figure 6.2 The maximum depth was found (with respect to the percentage of strain for each 
respective amount of YPE) to occur at low strains.
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6.2 Severity of Yield Point Elongation

The maximum depth plotted vs. YPE is presented in Figure 6.3. Figure 6.4 shows the 

corresponding “local” width for each respective maximum depth. The maximum depth was 

found to increase linearly with increasing YPE and the corresponding width appears to be 

essentially constant regardless of depth. That is, the depth o f the Lüders band is influenced by 

sample YPE, whereas the width of the Lüders band is not substantially influenced by sample 

YPE. In the case o f the Lüders Band width, grain size may be a factor contributing to the 

propagation of the Lüders Band (24, 38, 39, 41) and thus, the perceived severity of the Lüders 

band at low strains, although grain size was not a variable in the present study.
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Figure 6.3 Depth is observed to increase linearly with increasing YPE.
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‘Local” width at maximum depth is not substantially influenced by sample YPE.

The grain size of the research material (0.015mm in diameter) may control the width of 

the Lüders band front. This suggestion is based on the literature, which suggests that grain size 

influences the active Lüders band front width (13, 24, 25, 28, 38, 41, and 61). With an increase in 

grain size, the Lüders strain is expected to spread out over a larger transition area and may thus 

produce a wider Lüders band front. The literature indicates (24) that fine grain materials may 

appear as sharp and defined linear features while coarser grain material may show a more diffuse 

interface front (referred to in different contexts as the Lüders band front, band width and front 

width). Accordingly, it may then be reasonable that the “local” width, measured in conjunction 

with the maximum depth, was not substantially influenced by the amount of YPE in the material 

in this study where grain size was constant. Instead, it is speculated that the width of the and 

thus, the appearance of the Lüders band in the early stages of development could quite possibly 

be influenced by a material’s respective grain size.
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6.2.1 Industrial Implications

The maximum depth and associated width have important industrial significance. 

Visually, the appearance of the Lüders band is commonly observed (from this study) to be more 

apparent when the band is at its greatest geometric proportions. Thus, as the depth and width of 

the Lüders band increased, visibility of the Lüders band also increases and conversely, with 

decreasing depth and width, visibility approaches a geometric threshold whereby the Lüders band 

may be observed to become “invisible” to the naked eye.

From this study, it was found that the geometric proportions of the Lüders band are 

influenced by the amount of YPE present in the material. It therefore follows that as the amount 

of YPE decreases, the severity of the Lüders band also decreases; eventually reaching a condition 

whereby the threshold of geometric visibility may be defined by the corresponding amount of 

YPE present in that “threshold” material. One industrially recognized YPE threshold, suggested 

by Takechi (2), defines the amount of unacceptable YPE in material prior to forming as about 0.4 

% strain. Thus, using Takechi’s definition, material with YPE greater then 0.4 % strain would be 

unacceptable for exposed applications and likewise, material with YPE less then 0.4 % strain 

would be acceptable. The actual threshold should also incorporate characteristics of the paint 

system applied, since objectionable Lüders bands are almost always related to critical painted 

surfaces.

Figure 6.5 correlates the Lüders band maximum depth and associated width data with that 

from another study concerned with the topographic assessment of surface imperfections on sheet 

steels, examined in a recent paint appearance study by Choi (58). Choi’s data also reflect the 

appearance/disappearance of the surface imperfections after subsequent automotive painting. In 

Figure 6.5, industrial imperfection dimensions were measured prior to painting and shading of the 

data points relates visibility judgments made after painting. Similar topography assessments were 

made on samples from this study, albeit only in the unpainted condition.

From Figure 6.5, it is interesting to note that all data points from this study plotted at a 

lesser depth than any of the industrial imperfections. Conversely, width measurements from this 

study were found to be equal to or marginally greater then the width of the smallest visible 

industrial imperfections. Defining a threshold of acceptable YPE at 0.4 % strain may be too 

conservative considering that some Lüders bands in this study were associated with YPE levels
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well in excess of 0.4 % strain, still resulting in shallow features in comparison to the 

imperfections that were covered by painting. In fact substantial YPE levels might be acceptable 

with some paint systems, although further investigations would be needed to substantiate this 

conclusion.
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Figure 6.5 Visibility (after painting results) correlated with unpainted topography for 
industrial imperfections plotted with dimensions of maximum Lüders bands 
measured in this study. Diamond points are from industry and triangle points are 
experimental data from this study. Visibility judgments were not made on the 
samples from this study, as none of these specimens were painted (58).

6.3 Residual Topography

At the location where the Lüders band first nucleated, residual topography of the Lüders 

band was observed. The depth and width of the residual topography was measured and results of 

the depth and corresponding width are presented vs. YPE in Figures 6.6 and 6.7. The residual 

depth was found to increase linearly with increasing YPE, and maintained a depth approximately
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30% of the measured maximum depth. Likewise, the residual width was observed to be relatively 

uninfluenced by YPE. It is interesting to note that although the surface appeared to be unchanged 

with additional strain, it is possible that thinning of the gage section continued with further strain.

It is interesting to consider the material at the location of the original Lüders band (and 

subsequent residual feature). The presence of residual topography suggests that the material may 

be locally stronger in the region where the Lüders band nucleated, since there is a slightly 

reduced cross sectional area as compared to the surrounding material. Presumably, the 

developing Lüders band is resulting in a greater amount of work hardening at that initial location 

than it does as it propagates laterally across the surface of the gage section. It would be 

worthwhile to explore whether the same residual characteristics would be observed under 

monotonic/continious loading conditions.
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Figure 6.6 Residual depth increased linearly with increasing YPE.
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Residual width is not substantially influenced by YPE.

6.4 Plane Strain Model

A plane strain volume conservation model was examined to better understand and 

contrast the expected and actual results found from this study. Volume conservation in plane 

strain suggests that as the tensile bar elongates, the tensile specimen must thin to accommodate 

the change in length at constant width. By setting the volume of the gage section prior to 

straining equal to the volume of the gage section after straining, an expression describing the 

reduction in thickness at a given strain level may be found. The volume conservation derivation 

may be found in Appendix B. Figure 6.8 shows calculated reduction in thickness due to plane 

strain volume conservation and actual thickness change from Lüders bands created in this study. 

In Figure 6.8, the measured Lüders band depths were doubled to account for Lüders strains 

occurring on both sides of the specimen.
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Figure 6.8 Plane strain model predicts a Lüders band depth approximately 4 times greater 
than measured, for specimen thickness of 977.9um (.0385in).

The plane strain model predicts a Lüders band depth that is approximately four times 

greater than the measured maximum Lüders band depth at each respective YPE. Several issues 

could influence this discrepancy between the expected (plane strain) and actual (measured Lüders 

band) observations. These include (i) strain aging, leading to incomplete development of the 

individual bands measured during incremental testing, (ii) additional deepening of the Lüders 

band outside of the scan area, possibly associated with some continuous deformation within the 

Lüders band, and (iii) width strain and plastic anisotropy of the Lüders band at the edge of the 

tensile bar.

To explore the width strain, a Lüders band was observed on both the face and the edge of 

a tensile specimen. Figure 6.9 presents the two-dimensional profilometry data. The edge Lüders 

band was found to have a maximum depth of 13.53 p m , and YPE = 1.36 % strain (corresponding 

stress-strain data along with maximum and residual measurements may be found in Appendix C).
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Lüders features on the edge were not visible to the naked eye, but by following the Lüders band 

on the face of the tensile sample to the edge, the edge portion of the Lüders band was successfully 

assessed via profilometry. The edge of the tensile bar retained some machining marks and 

resulting profiles appeared “rougher” than profiles measured on the face of the tensile sample. 

Table 6.1 summarizes the results from this examination.

a

Edge 
YPE = 1.36%

-16
-4 ■2 0 2 4

Position (m m )

Figure 6.9 Two-dimensional profilometry of a Lüders band on the edge of the tensile 
specimen. YPE was found to be 1.36 % strain.

TABLE 6 .1 -  Characteristics of the Edge Lüders Band

Lüders
Band

YPE 
(% strain)

Maximum 
Depth (pm)

Width at 
Maximum 

Depth (mm)
Residual 

Depth (pm)
Residual 

Width (mm)

Edge 1.36 13.53 4.35 4.56 3.04
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The edge “depth” was approximately nine times deeper then a corresponding Lüders 

band depth (on the face of the tensile sample), where the Lüders band depth at 1.36 % strain was 

derived from the linear fit of the data in Figure 6.3. A width strain of this magnitude would serve 

to lower the expected curve toward the actual curve, although not sufficiently to explain the entire 

difference between actual and measured Lüders depth. However, some of the YPE may involve 

continuous deformation and associated “general” thinning of the specimen. Another 

consideration is that some of the deformation within the gage section is associated with Lüders 

bands that extend outside the gage length, possibly contributing to some the difference between 

expected and measured Lüders depths.

6.5 Effect of Galvanized Coating

The effect of the galvanized coating was assessed on one ASTM E8 Tensile bar. The 

surface of the specimen was prepared with a polishing compound applied using a polishing cloth 

attached to a Dremel hand tool. Results from this investigation (section 5.3) suggest one of two 

conclusions, either (i) the coating has little affect on the measured depth of the Lüders band, or 

(ii) the surface preparation may have been too aggressive, resulting in the removal of a 

considerable amount o f the galvanized coating. The latter conclusion seems to be more likely, 

although it is important to note that Lüders bands in this study were difficult to identify on any 

surface that was not polished. This was true on the face (coated and uncoated) and edge of the 

tensile bar, suggesting that the galvanized coating may not hide the geometric proportions of the 

Lüders band, rather the dull/matte appearance of the surface may mask the visibility (a 

phenomena that may result in a Lüders band becoming visible only after a reflective surface, such 

as paint is applied to the Lüders band). Nevertheless, the coating response during discontinuous 

yielding may be one potential follow up to this study.
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7.0 CO NCLUSIO NS

• A methodology using three-dimensional profilometry was developed to evaluate the 

effect of imposed strain on Lüders band propagation.

• Lüders Bands were observed to develop and propagate in three stages, (I) nucléation, (II) 

propagation into the thickness, and (III) propagation laterally across the surface.

• The most severe Lüders band topography was usually observed at early strains.

• Lüders band depth was observed to increase linearly with increasing YPE, although the 

depth was less then expected from plane strain deformation. The presence of edge strain 

was confirmed experimentally.

• The width of the Lüders band corresponding to the maximum depth was not substantially 

influenced by sample YPE, although grain size may have some influence.

• Residual topography was observed at the location where the Lüders band nucleated. The 

corresponding depth of the residual feature increased linearly with increasing YPE 

whereas the width appeared to not be substantially influenced by YPE.

• The measured depths of the Lüders bands were relatively shallow in comparison to other 

surface imperfections evaluated in a recent painting study. The results suggest that 

current acceptance criteria may be overly conservative.
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8.0 FUTURE W ORK

Several topics for future work are listed below; all include an assessment of the geometric 

proportions of Lüders bands via three-dimensional profilometery.

• Grain Size: Grain size is related to the appearance of the Lüders band and the amount of 

YPE that may be produced in a material. Additionally, Garafalo (38, 45) suggests that a 

relationship may exist between grain size and the Lüders band front width, “although the 

experimental evidence is limited” (38).

• Strain Rate: Several studies (38, 41, 42, 45, and 60) have addressed the effect strain rate 

has on Lüders band front velocity. Nevertheless, it would be interesting to look at the 

geometric effect various strain rates have on the Lüders band

• Biaxial Loading: Assessing the Lüders band in biaxial tension would better simulate the 

Lüders band created in industrial forming operation.

• Continuous Loading: Incremental loading may have affected the measured depth of the 

Lüders band via strain aging. Additionally the observation of residual topography is 

another issue from this study that may benefit from a YPE investigation where the tensile 

bar is loaded in uniaxial tension in-situ in the profilometer to provide continuous yielding 

as opposed to incremental yielding employed in this study.

• Painting: Critical to defining a threshold of acceptable YPE is the appearance of the 

Lüders band on the painted surface.

• Galvanized Coatings: Lüders bands created in this study were difficult to see on an 

unpolished surface. It would be interesting to assess the Lüders band under a galvanized 

coating and the issues of feature visibility on a dull surface, possibly using larger scan 

areas.

• Industrial Correlations: Behavior of industrially strained and painted specimens would 

be helpful to establish a YPE threshold.
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Appendix A

Vision32 Software Settings and Procedure for Filtering Three-Dimensional Profile

M easurem en t O ptions

Options j Prompts | VS! Options j PSI Options j Autofocus j Auto Tip Tilt | Stitching j Automation j 
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Figure A-l Scan settings under ‘options’ tab.
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Figure A-2 Scan Settings under the ‘ VSI options’ tab.
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Figure A-3 Raw unfiltered contour plot (above) and the corresponding two-dimensional 
profile of the contour plot parallel to the x-axis.
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Figure A-5
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Figure A-4 Terms masking dialog box settings.
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Data processing options dialog box. ‘Use Terms Mask’ and ‘Cylinder and Tilt’ 
filtering options have been selected.
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Figure A-6 Contour view (above) and the corresponding two-dimensional profile (below) 
shown for the filtered data.
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Appendix B

The expected Depth of the Liiders Bands (in relation to YPE) was calculated assuming 

volume conservation and plane strain. Volume conservation states that the volume of the 

specimen before straining ( Lq ) is equal to the volume of the specimen at the Liiders strain ( VL ), 

this definition continues as: VQ =VL where V0 =£0w0t0 and VL = £ LwLtL (1 = length, w = width, 

and t = thickness). As the material elongates, thickness reduces while the width remains constant 

(plane strain) and YPE, expressed in terms of strain, is used to calculate the displacement 

(elongation) of the tensile specimen. Thus, volume conservation may be expressed using the 

before and after strain dimensions of the specimen:

^  0 W 0^0 ~  ^  L W L^ L [ B - l ]

Adjusting Equation B-l to express the final thickness:

t T = [B-2]

In plane strain the width is constrained and it is assumed that there is no change in width after 

straining. Equation B-2 therefore becomes:

lz,tr =-2-5- [B-3]
i

The change in thickness before and after straining is then found by taking the difference of the 

original thickness and the after strain thickness.

At = t0 —tL [B-4]
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Thus, the expected depth of the Liiders band may be calculated and is plotted vs. YPE (Figure 

6.8). A comparison with the actual depth measured for each Liiders band requires the Liiders 

band depth to be doubled to account for the Liiders bands on both sides of the specimen.
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APPENDIX C

An additional ASTM E8 sample was aged for 1.5 hr at 150°C and tested incrementally to 

assess the geometric features on the edge of the tensile specimen in conjunction with the Liiders 

band spanning the face of the gage section. The galvanized coating was removed after aging and 

one face of the tensile sample was polished to a mirror finish. The edge of the tensile bar was 

prepared using a polishing compound applied with a Dremel hand tool fitted with a polishing 

cloth. Figures C. 1 -  C.3 present the stress-strain and two-dimensional profilometry data.

* 260 Pm
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Figure C.l Incremental stress-strain curve for material aged 1.5 hr at 150°C. YPE was 1.36 
% strain.
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Figure C.2 Maximum depth and corresponding “local” width for a Liiders band assessed on 
the edge of an ASTM E8 tensile bar.
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Figure C.3 Residual depth and width for a Liiders band assessed  on the edge o f  an A STM  E8
tensile bar.


