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ABSTRACT

A 55% aluminum, 43.5% zinc, 1.5% silicon coating , Galvalume 

(GA), a 95% zinc, 5% aluminum, 0.2% misch metal coating, Galfan (GF), 

and three electrogalvanized coatings, (EG), were examined for their 

effects on mechanical properties of commercially produced, drawing 

quality, coa ted  sheet steels. Only the GA coa ting  m odified the 

m echanica l properties of the composite. The presence of the GA 

coating increased the tensile strength and correspondingly reduced 

the ductility and the r-value. Examination of strained coatings by 

scanning e lectron m icroscopy of m icrotension specimens and 

cryogenically cleaved specimens showed that fracture initiated and 

p ropagated in eutectic areas of the hot dip GA and GF specimens, 

and intragranular and intergranular regions in the EG specimens. 

Substrate-coating interfacial cracking was evident only in the GA 

specimens. The high ductility of the pure zinc electrogalvanized 

coatings resulted in significant thinning and exposure of base steel at 

high strains in the thinnest coating (EG30).
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CHAPTER ONE 
INTRODUCTION

Sheet steel continues to be an important material for automobile 

panel and structural components. As au tom obile  m anufacturers 

extend vehicle warranty periods to  protect against mechanical and 

appe a ra nce  failures, such as visible rust and corrosion, the steel 

industry must continue to  develop and produce sheet products that 

will m eet these requirements. To extend the service life and protect 

against corrosion from environmental attack, metallic coatings are 

applied to sheet steel. Coating the sheet steel with zinc, whether by 

hot d ipp ing or e lectrogalvanizing, is a cost e ffec tive  m ethod of 

protection. Steels are pro tected against corrosion by galvanized 

coatings in two ways; the coating provides a protective barrier to  the 

corrosive medium, and the zinc and zinc-alloy coatings pro tect by 

sacrificial action if the coating is ruptured. The zinc, acting as a 

sacrificial anode, corrodes preferentially and ca thod ica lly  protects 

the steel. Tests of coupled and uncoupled steel and zinc, exposed to  

a corrosive environment, show a significant weight loss o f steel in the 

uncoupled state, but no loss when coupled to the sacrificial zinc 1.

About 19.6 percent of domestic galvanized sheet production in 

1980, was supplied to  the au tom otive  industry^. This percentage 

should steadily increase into the next century. It is estimated that by 

1990, 60 percent of steel used in automobiles will be galvanized.
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Detroit's consumption of galvanized sheet steel will increase from 1.5 

million tons in 1984 to a projected 4 million in 19903. In 1984, of the 8.7 

million tons of m eta llic-coated sheet steel produced in the US, 92 

pe rcen t was hot dip co a te d  sheet steel4 . A lthough hot dip 

galvanized sheet steel has been used in the industry for many years, 

problems w ith pred icting corrosion resistance, obta in ing uniform 

thickness, making consistent welds, and obtaining reproducibility in 

fo rm in g  o p e ra tio n s  ha ve  led  to  th e  d e v e lo p m e n t o f 

e lec trog a lvan iz in g , and ligh te r w e ig h t zinc and zinc alloy 

e lec troga lvan ized  c o a t i n g s ^ .  Five new electrogalvanizing lines, 

representing eight steel producers and providing a capac ity  of 2.3 

million tons should be on-stream in 1987 in Ohio and M ic h ig a n ^ .

1.1 Coated Sheet Products

Some of the requirements coa ted  sheet steel must satisfy are 

su ffic ien t corrosion resistance, good  press fo rm ab ility , good  

weldability, good surface appearance , and good paintability for 

outer panel applications. There have been many corrosion-resistant 

co a te d  sheet steels deve loped to  m eet these requirements. The 

principal classifications of these coa ted  sheet products are hot dip 

galvanized and electrogalvanized sheet. Hot dip galvanized sheet 

includes coatings such as pure zinc, zinc-aluminum alloy, aluminum- 

zinc alloy, aluminum, and lead-tin alloy. 'G alvanealed1 is a coa ted 

sheet produced by heating a hot dip zinc-coated steel to  form one
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or more zinc-iron alloy phases. Although this type of coating is brittle 

and may pow der during form ing, the roughness of the surface 

provides excellent paint adhesion^, 7 Electrogalvanized sheets are 

p ro d u c e d  w ith  e ith e r pure  zinc or z in c -a lloy  coa tings . 

Electrogalvanized (pure zinc) sheet has good formability, similar to 

th a t o f the base sheet, but corrosion resistance in the pa in ted 

c o n d it io n  has b een  re p o rte d  to  be  n o n -s a tis fa c to ry 8 . 

Electrogalvanized sheet products also suffer from the high cost of 

producing a heavy zinc coating weight. Zinc alloy-electrogalvanized 

sheet provides high corrosion resistance with light coa ting  weight 

through the addition of alloying elements. Some of the electroplated 

alloying elements are manganese, nickel, cobalt, and chromium^, 10.

1.2 Conventional Hot Dio Galvanized Sheet Steel

Conventional hot dip galvanizing is performed on full hard, cold 

rolled sheet steel. The cold-rolling process leaves the sheet with fine 

surface finishes, precise tolerances, and good flatness. To increase 

form ability, the cold-ro lled sheet is sometimes annealed. In a 

continuous process, the sheet passes as a continuous strand through 

the  processing equ ipm ent. The process involves five basic 

opera tions ! 1. First the steel is cleaned to  remove surface oils. The 

steel is then annealed in a non-oxidizing atmosphere and cooled to 

about 482°C (900°F). In the next step the steel is immersed in a zinc pot 

where the zinc is applied to the surface and alloyed with the iron in a
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continuous process. The temperature is maintained around 445-465°C 

(833-869°F). Adding about 0.15% Al to  the zinc pot suppresses the Fe-Zn 

intermetallic com pound formation by forming Fe-AI compounds such 

as Fe2 Al5 or FeAls. Air knives blow the excess zinc off the sheet on 

removal from the zinc pot, controlling the coating weight and cooling 

the liquid zinc. Moist steam or a fine zinc dust can be directed a t the 

coa ting  to  nucleate growth of spangles and produce a fine grain 

size. The sheet is then coo led  and chem ically trea ted  to  inhibit 

corrosion of the zinc surface. Finally the sheet may be tem per rolled 

to  reduce yield point elongation. Temper rolling also reduces ductility 

and r-values.

1.3 Literature Review of Selected Sheet Steel Coatings

Three types of coatings of considerable current interest were 

selected for study in this thesis; Galvalume (GA), Galfan (GF), and 

electrogalvanized zinc (EG). The former coatings contain aluminum, 

while the latter coating is essentially pure zinc. In order to  aid in the 

rationalization of the coating structures in the following sections on 

each of the selected coatings, the Al-Zn equilibrium phase diagram, 

with vertical lines at the appropriate zinc contents of each coating, is 

shown in Figure 1. Although aluminum and zinc are major components 

of Galvalume and Galfan, other elements which e ffect the structure, 

as discussed in the following sections, are also added.
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Figure 1. Aluminum-Zinc equilibrium phase diagram. Nominal
compositions of three coatings which will be evaluated in this 
thesis are shown on the diagram by their weight percentage 
zinc. These compositions correspond to  Galvalume (GA), 
Galfan (GF), and electrogalvanized (EG).
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1.3.1 Galvalume

Galvalume is a registered tradem ark of the Bethlehem Steel 

Corporation contain ing nominally 55%Al, 1.5%Si, and 43.5%Zn. The 

silicon controls the intermetallic alloy layer formation during the hot 

d ip p in g  process^, and is reported to  prevent a very strong 

exothermic reaction between the aluminum-zinc bath and the sheet 

steel 12. Figure 1 shows that the first solid to  form in Galvalume consists 

o f an aluminum rich solid solution. Selverian et a l!3  have shown by 

scanning transmission electron microscope (STEM), tha t the core of 

the Al dendrite consists of approxim ately 80%AI and 18%Zn. The 

resulting aluminum-rich dendritic structure accounts for abou t 80 

percent of the microstructure^, which improves coating performance 

in high tem pera tu re  app lica tions and provide good  long-term  

corrosion resistance. The zinc-rich interdendritic region, which contains 

a high concentration of Zn-rich precipitates of various sizes 14, provides 

a level of galvanic protection to the steel similar to  that of galvanized 

steel. Rapid air cooling of the coa ting  decreases the a lpha Al 

dendrite  size, resulting in a small fla t spangled, smooth surface. 

Blickwede found tha t the optimum composition among Al-Zn coatings 

in the range 1% to  70%Al-Zn is the 55%AI-Zn alloy 15. Galvalume is 

produced on a continuous annealing, non-oxidizing, Selas furnace 

line in a slightly reducing atmosphere at 1290°F (700°C). The sheet then 

enters a 600°C (1110°F) zinc pot at 537°C (1000°F). Upon exiting the pot, 

the sheet is rapidly cooled to 371°C (700°F) to  solidify the coating 15.
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1.3.2 Galfan

The hot dip coa ted  sheet product Galfan (GF) has an alloy 

coating of nominally 5%AI, 0.2% misch metal, ba lance Zn. The misch 

metal occurs as a natural mixture of the rare earth elements cerium 

and lanthanum, and serves to improve the wetability of the spelter17. 

Figure 1 shows that the eutectic composition of the Zn-AI system is at 

exactly 5 percent, and therefore the microstructure of Galfan coatings 

is expected to  be primarily a eutectic structure consisting of alternate 

lamellae of Zn and Al rich phases. A recent study shows tha t the 

structure of GF coatings consists o f a lam ellar eu tec tic  matrix 

containing primary zinc particles1®. Investigators have found Galfan to 

be more corrosion resistant than non-alloy coatings with equivalent 

coating thicknesses^, and formability characteristics similar to tha t of 

galvanized sheet4 . The Galfan sheet is m anufactured a t Weirton 

Steel, in France on a Sendzimer hot dip galvanizing line19.

1.3.2 Electroaalvanized Sheet Steel

Steel sheet for electrogalvanizing is co ld rolled, continuously 

annealed, and tem per rolled before coating. The electrogalvanizing 

process is term ed 'cold ' because the process is done a t am bient 

temperatures, resulting nominally in no change in the properties of the 

sheet steel, which allows coating of steel grades adversely a ffected 

by high temperatures. During the process the sheet steel passes 

through a series o f electrolytic cells. Current flows through a zinc
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solution from the anode, either soluble or insoluble, to  the conductor 

roll where the zinc is bonded to  the sheet steel. Soluble zinc anodes 

require rep la cem e n t, whereas the insoluble anodes require 

replenishment of the solution containing the zinc-bearing chemicals. 

The electrolyte usually consists of a solution of zinc salt. The thickness of 

an electrodeposited coating depends on current density and time in 

the electrolyte. One or tw o sided coatings of uniform thickness can 

be readily produced by electrogalvanizing. In contrast to  hot dip 

galvanizing, the electrogalvanizing process leaves no visible spangle 

on the surface. Electrogalvanized coatings have been reported to 

be susceptible to flaking during stamping operations, causing build up 

of zinc in the die and dents in stamped p a n e ls ^ O ,  21,

1.4 Deformation and Fracture of Zinc

In order to  fully understand the deformation and fracture of hot 

d ip and electrogalvanized coatings, a discussion of the deformation 

and fracture mechanisms of zinc will be presented. Zinc possesses a 

low critical resolved shear stress and a single principal glide plane, the 

basal plane.(0001). In single crystal zinc, provided the basal plane is 

favorably oriented with respect to  the tensile axis, very large ductilities 

can  be ob ta in e d  by basal slip. Plastic de fo rm ation  is also 

accom plished by pyram idal slip and /o r deform ation tw inning in 

addition to  basal s l ip 2 2 .  i f  the resolved shear stress on the basal plane 

is very small, zinc can deform by slip along the {1122} plane in the
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<1123> direction 23/ 24 25. Simultaneous slip on intersecting primary slip 

planes is not a problem when there is only one primary slip plane, 

therefore the strain-hardening rate is small in hep crystals com pared to 

fee crystals26,, in the polycrystalline form zinc has low ductilities due to 

insufficient slip systems, and constraint by neighboring crystals.

C lea vag e  o f zinc crystals can  be o b ta in e d  a t room 

tem pera tu re , bu t is progressively easier as the  tem pera tu re  is 

lowered. The c leavage plane in zinc is the basal plane (0001). At 

room tem perature zinc crystals can be cleaved, but the c leaved 

surfaces are usually badly d is to rted ^. Reed-Hill has also shown that 

the fracture of zinc crystals will follow the basal plane even if the crystal 

is distorted or bent26. This fac t is frequently used in the study of plastic- 

deformation of zinc crystals. When zinc crystals are strained in tension, 

the basal plane rotates towards the stress axis. The rotation decreases 

the shear-stress com ponent on the basal plane. For deformation of 

the crystal to  proceed, the tensile force must be increased. Eventually 

deformation twinning on a {10Ï2) plane orientates the basal plane in a 

position favorable for slip26. Rupture of the crystal occurs as a result of 

secondary basal slip inside the twin. To characterize the growth 

direction of the zinc crystals, Overby has shown with pole figures, for an 

electrogalvanized coating, tha t the basal planes of the zinc crystals 

are randomly oriented with respect to  the base steel surface within a 

45° arc27.
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Leidheiser and Kim28 found tha t under severe deformation zinc 

coatings fractured in tw o different ways; a t grain boundaries, and 

within grains along (0001) planes and {1120} planes. Grains oriented 

with (0001) planes parallel to the base steel fractured along three sets 

of {1120} planes, the cracks were short and numerous. Grains oriented 

at a large angle with the (0001) plane fracture along the (0001) planes, 

with cracks less numerous but with greater separation.

1.5 Specimen Geometry Effects on Tension Testing

The tension test is w ide ly used to  p rovide basic design 

information on the strength of materials. In the tension test a specimen 

is subjected to  a continually increasing uniaxial tension force, after 

which both strength and ductility properties are measured. One 

measure of the ductility of a material obtained in the tension test is the 

to ta l elongation. The measured elongation from a tension specimen 

depends on some arbitrarily chosen gage length which is inscribed 

on the  specim en before  the test. Since the  to ta l e longation 

measured over this chosen gage length combines the sum of two 

com ponen ts  the  e lon g a tio n  up to  maximum load  (uniform 

e lon ga tion ), and the  e longa tion  a fte r maximum load (loca l 

elongation) it is important to report the gage length used in the test. 

For tension testing of sheet metal, a gage length of tw o inches is 

generally used. The shorter the specimen gage length the greater 

the measured strain. The ASTM standards carefully define tension
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testing procedures. "Standard Methods of Tension Testing of Metallic 

Materials" (ASTM E-8) specifies a 2 1/4-inch reduced section specimen 

with parallel edges as shown in Figure 2a. To confine necking of the 

specimen within the gage length, a tapered reduced-section can be 

used, where the width at each end shall not differ from the width at the 

center by more than 0.127mm (0 .0 0 5 in )2 9 .

A plastic-strain ratio , or r-value, can  be ob ta ined  by 

measuring the width change relative to  the thickness change in the 

gage section of a tension specimen. The plastic-strain ratio is useful for 

estimating the deep drawability of a sheet steel. It is a measure of 

plastic anisotropy and is related to  the preferred crystallographic 

orientations within a polycrystalline metaPO. Materials with high r-values 

resist thinning and, when pulled in tension, contract more in the width 

direction than in the thickness direction. A direct method of measuring 

the r-value of a material is given in ASTM E-517 "Standard Test Methods 

for Plastic Strain Ratio r for Sheet Metal". The test Specimen geometry 

is shown in Figure 2b. ASTM E-517 specifications require the width of the 

reduced section be constant within 0.0127mm (0.0005in).

The differences between the ASTM E-8 and ASTM E-517 

specifications are slight. Based on the dimensional criteria, specimens 

m achined to  ASTM E-517 (parallel sides) satisfy the ASTM E-8 standard.
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Overall Length

Gage Length 

Gage Width

Thickness > (—

□
E-8 Rectangular Tension Test Specimens for Sheet Steel

Dimension mm inch

Overall Length 200 8
Gage Length 5 0 *0 .1 0 2 .0 0 0 *0 .0 0 5
Gage Width 12 .5 *0 .25 0 .0 0 5 *0 .0 1 0
Thickness Thickness of Material

Note: A tapered reduced section can be used, where the Vvidth at each
end shall not differ from the width at the center bymore than 0 .1 27mm
(0.005in).

E -5 1 7 RectangularTension T est Specimen vith Reduced Parallel 
Section for Determination of r-values.

Dimension mm inch

Overall Length 200 8
Gage Length 5 0 *0 .2 5  2 .0 0 0 *0 .0 1 0
Gage Width 1 2 .5 *0 .25  0 .0 0 5 *0 .0 1 0
Thickness Thickness of Material

Note: The ends of the reduced section shall not differ in w'dth bymore 
than O.OOOSin. Paralleism of the edges shall be maintained so that no 
two vidth measurements differ bymore than 1% of the measured vidth.

Figure 2. E-8 Tension test specimen geometry, and b) plastic-strain 
ratio (E-517) test specimen geometry. Both specimen 
geometries satisfy the dimensional criteria for the ASTM E-8 
specification.
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1,6 Deformation and Formabilitv Investigations of Coated Steels

Recently, several technical papers have considered the effects 

o f zinc layers on the formability of galvanized sheet steel. The most 

widely used method of evaluating the effect of zinc coatings is to  test 

sheet steel with and without the coating 31 32 33 |n general, the 

formability o f coa ted  sheet is determ ined by the properties of the 

base steel. Hot dip sheet steels sometimes see a decrease in 

formability due to  incomplete in-line annealing, cold work introduced 

by strip tensioning and directional changes over rolls during the 

coating operation^. In order to measure the mechanical integrity of 

the coa ting , before testing, the coa ting  is chem ically removed. 

Following this procedure, and using a restatement of the rule-of- 

mixtures, Willis 31 was able to  evaluate the effect of coating stress, as a 

function of strain, in a hot dip AI-45%Zn alloy coating (Galvalume) on 

low carbon steel. The coa ting  caused a significant decrease in 

ductility and increase in strength of the composite. Stevenson34 

ch a ra c te rize d  a w ide  range  o f ho t d ip  ga lvan ized  and 

e lectrogalvan ized materials by tensile and limiting dom e height 

testing. The major e ffect of galvanizing was a decrease in ductility 

caused by the intermetallic layer between the zinc and substrate steel 

in hot dip coatings. Also, the r-values of chem ically stripped steels 

increased relative to  those of hot dip coated steels. Gupta, Cline and 

Pati|35 grew various thicknesses of intermetallic layers by annealing hot 

d ip  galvanizing steels. They found tha t ductilities and r-values
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decreased with growth of the Fe-Zn alloy layer. S te ve n so n ^  found 

the limiting dom e height to decrease with increasing thickness of the 

Fe-Zn intermetallic layer. Further he concluded the brittle intermetallic 

layer fractured, under strain, and introduced a crack of length equal 

to  the thickness of the Fe-Zn layer.

For optimum adherence between the coating and the base 

steel substrate, a thin and uniform intermetallic layer is required^?. 

Additions of aluminum to  the zinc bath have also been recently 

investigated, and have been found to  be favorable with respect to 

greater adherence and higher ductility of hot dip galvanized layers^. 

M akim attila^S  found tha t in zinc coatings with an Al content of 1 

percent, brittle fracture dominates, while in the Zn-5%AI eu tectic  

coating, a more ductile behavior was found. The intermetallic layers 

(Fe-Zn) of hot dip coa ted  sheet steel are brittle, and ductility of the 

sheet decreases as the thickness of these layers increase. As 

previously mentioned it has been shown tha t an Fe-AI com pound 

(Fe^A!^ or FeAl^) forms a stable layer which inhibits the growth of the Fe-

Zn c o m p o u n d ^ .  As the zinc diffuses into the steel there is an 

enrichment of Al at the interface. The aluminum reacts with the iron, 

and w ith the dissolved iron atoms diffusing into the  liquid. The 

aluminum depletion at the solid-liquid in terface increases as the 

coating begins to solidify, the Zn-AI eutectic temperature is 382°C and 

the solidification temperature of pure zinc is 419°C. It is thought that the
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growth of the Beta Zn proceeds until the eutectic composition is locally 

r e a c h e d ^ .  M a k im a ttila ^ l, found good adherence of a Zn-5%AI 

eutectic coating on steel due to  the formation of a very thin and non- 

continuous intermetallic layer.

1.7 Purpose

This study will exam ine com m ercia l qua lity  co a te d  sheet 

products tha t are currently being used in the autom otive industry or 

are under investigation for tha t purpose. These coa ted  steels have 

been reported to  have behavior different from tha t of uncoated 

steels in sheet metal stamping operations. The purpose of this thesis is 

to  eva luate  fracture and deform ation of coa ted  steels, and to  

correlate this information to the structure of the coatings. These results 

will identify im portant characteristics of the coatings and provide 

information which may be of benefit in coa ted  sheet steel form ing 

operations. Selected coa ted  sheet steels are characterized with 

respect to  structure and surface m orphology for corre la tion of 

deform ation and fracture behavior as a function of strain. Hot dip 

steels Galvalum e and Galfan, and electrogalvanized steels were 

exam ined.
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CHAPTER TWO 
EXPERIMENTAL PROC ED URE

2.1 Material

Table 1 provides a summary of the material used in this study. 

Included in the tab le are the coated sheet products grouped by their 

base steel substrate, which is designated by the letter "B" followed by 

the  coatings designation. The coatings are designated by the 

follow ing: EGUC, uncoa ted  e lectrogalvanized; EG30, EG70, and 

EG 100, representing electrogalvanized coatings having weights of 30, 

70, and lOOg/m^ respectively; GA, Galvalum e, and GF, Galfan. 

Additional columns in the tab le  give the coating composition, and 

coa ting  thickness which is an average measurement m ade from 

m icrographs o f polished and slightly e tched  samples. For the 

e lectrogalvanized steel these measurements corre la ted well with 

ca lcu la ted  values which were based on zinc having a density of 

7 .14g /cm 3 . All sheets are coa ted  on both sides. The substrate 

thickness for each o f the materials was measured with a micrometer 

on chem ically stripped samples. The ferrite grain size was calculated 

from micrographs of the base steel with a line in tercept method. 

Table 2 gives the chem ical compositions for each of the base steels. 

These compositions represent an average of three measurements 

m ade  w ith  an emission spectrom eter. The ave rage  carbon  

com position  was m easured in a LEGO CS-244 Carbon/Sulfur 

Determinator.
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The electrogalvanized steel was supplied with three coating 

weights as was earlier mentioned, as well as an uncoated sheet steel 

(EGUC) which was included in the material matrix to  com pare its 

m echanica l properties to  those of the electrogalvanized coa ted  

sheet as well as those of the chemically stripped sheet. The uncoated 

sheet steel was not subjected to the continuous coating process.

The e lectrogalvanized sheet steel and the hot dip coa ted  

product, Galvalume (GA), were supplied by the Bethlehem Steel 

Corporation, Burns Harbor facility. The hot dip coated sheet product, 

Galfan (GF), was supplied by the Inland Steel Corporation. The

0.762mm (0.030") gauge sheet has a GF75 coa ting , indicating a 

coating thickness of 0.75 o z / f t 2  total both sides. The electrogalvanized 

sheet steel, delivered as 1.2m x 1.83m (4ft x 6 ft) 0.78mm (0.031 in) thick 

sheets, was sheared to 0.61m x 0.46m (2ft x 1.5ft) sections. The hot dip 

sheet products were delivered in smaller sections. All of the sheets 

were individually marked with their designation, rolling direction, and 

coating thickness to assure proper identification during testing.

2.2 Mechanical Testing

Specimens of each type of material were subjected to plastic 

strain ratio (r-value) measurements and tension testing according to 

ASTM standards E517-81, and E8-82 respectively, on a floor model 

Instron tension tester at room temperature, and at a strain rate of 0 .8 .
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2.2.1 Specimen Geometry Effects on Tension Testing

A major difference in the specimens machined according to the 

tw o specifications is the permissible 0.005" (1.27mm) taper in the E8 and 

the requirement of parallel sides for E-517 specimens. Therefore, 

based on these d im ensional crite ria , specim ens m ach ined  

according to the ASTM E-517-81 specification (with parallel sides) fall 

within the to lerance of the ASTM E-8-82 specification. Com parative 

testing of the uncoated , aluminum killed deep  draw ing q u a lity  

(AKDQ) low carbon (0.03%C) sheet steel, machined to  com ply w ith 

each of the specifications, showed a substantial increase in to ta l 

e longation of the ASTM E517-81 samples. To further examine this 

behavior, a 0.028" (0.711mm) gauge cold rolled and annealed (CR) 

low carbon (0.035%C) sheet steel product, purchased from a local 

distributor, was tested with the same specimen geometries. Tests 

were conducted  in a constant tem perature isothermal kerosene 

bath, and air at a strain rates of 0 .8  and 0.08.

2.2.2 Tension Testing

Test specimens were m achined w ith a TensileKut m achine, 

m odel #10-48, equ ipped w ith tem plates designed to  p roduce 

specimens with geometries specified within the ASTM standards. 

Tensile and r-value specimens were 203mm (8 in) in length with a 

gauge section 12.7mm (0.5in) w ide x 50.8mm (2.0in) long. Similar to 

other investigations^^ 42,43 a || mechanical testing was performed
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with the as-received coatings and the coatings chemically removed. 

The coatings are chemically removed by immersing the specimens in 

5 percent HCI for 10-15 minutes, or until the evolution of gas ceased. All 

stripped specimens were tested no sooner than six days after 

stripping. The delay period is necessary to  elim inate hydrogen 

effects. The determ ination of the yield and tensile strengths of the 

coa ted  materials are ca lcu la ted based on the cross-sectional area 

o f the sheet substrate, neglecting any contribution of the coating

thickness^.

2.2.3 Plastic Strain Ratio Measurements

Three specimens of each type of material were deformed to 20 

percent strain, consistent with ASTM recom m endations^ jn  an Instron 

tension testing machine to  determine their respective r-values. Length 

measurements were m ade before and after straining with an optical 

m icrometer. All specimens were strained at a crosshead speed of 

12.7mm/min (0.5in/min). The plastic strain ratio, defined as:

r=ew/et (l)

where ew is the strain in the width direction, and et is the strain in the 

thickness direction, is an indication of the ability of a sheet metal to 

resist thinning when subjected to  tensile forces in the plane of the
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sheet. For conven ience , and assuming constant volum e, the 

measurement of r is calculated by:

r=ew/  Inflo w0 /  If wf) (2)

Since r measured in a single direction generally has little significance, 

a weighted average value, Rm, is used and is given as:

Rm=(ro° + 2r45° + rço0) /  4  (3)

where rg, ^ 5 , and rçg are values of r measured from samples cut

parallel, 45°, and 90° to  the rolling direction, respectively. Earing

tendency, or a measure of planer anisotropy is ca lcu la ted  as Ar,

where Ar, is:

Ar=(ro° + rçoo - 2r45°) /  2 (4)



T-3441 22

2.3 Light Microscopy

Representative samples o f each m aterial were sectioned, 

degreased in acetone,and mounted for m etallographic evaluation. 

Cleaning with acetone promotes good adherence to  the mounting 

material, and minimizes absorption of polishing fluids and etchants. 

Grinding started with the finest grit possible to avoid deformation in the 

zinc layer4^ To reduce polishing time, final grinding was done on 4/0 

grit dry paper. Polishing times were a minimum, and light pressure was 

applied to  maintain edge retention and avoid deform ation of the 

zinc layer. The samples were rough polished with 6 jim diam ond 

paste suspended in a mixture of glycerin and ethyl alcohol. The final 

polish is done on a low nap cloth to  which 1pm alumina is added. The 

samples w ere e tch e d  to  eva lua te  bo th  the  steel and zinc 

microstructures. However due to  e lectrochem ical and hardness 

differences betw een the zinc and base steel limited success has 

been obta ined with published zinc etchants for electrogalvanized 

coa tings^.

The geom etrical profiles o f the electrogalvanized coatings are 

characterized by tw o parameters described by U n d e r w o o d ^ .  The 

first, the profile roughness param eter (Rp), is an averaged ratio of 

height to  spacing (or am plitude to  period) for the peaks along an
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undulating curve. The working equation, which is described fully by 

Underwood, is expressed as:

Rp=(Ay/2Lr) Z; Pi (5)

where Lj is the length of the test line,£P is the number of intersections of 

the test line, and Ay is the constant displacement of the test line. The 

e lectrogalvan ized steel were m ounted in conductive  mounting 

material and photographed in the SEM, from which measurements 

were taken. Figure 3a shows the  test line p la ce d  above  a 

representative tracing of a micrograph of the EG 100 sheet steel.

The other param eter is the  root-m ean-square roughness 

average, M-(rms), which is dependant on size of the curve as well as 

the shape of the surface. The working equation can be expressed as:

H(rms)=(l/n nX j(Ayi)2) 1/2 (6)

where the vertical deviations Ayi, are first squared and averaged 

before taking the square root. Figure 3b shows schem atically the 

procedure for obtaining fi(rms). The physical meaning of these two 

parameters are different. The Rp value is related to  mean height-to- 

w idth ratios, where the fi(rms) value measures the vertical deviations 

of the curve from a central horizontal line. Positive increases in either of 

these parameters indicate a "roughness" increase.
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R =P 2 Li I. RI I

L-
3^m

R

Figure 3. Schematic representation for determination of a) roughness 
profile param eter Rp, and b) root-mean square roughness 
average gCrms), superimposed on a tracing (dark lines) of 
the electrogalvanized layer of the EG 100 sheet steel. In a) 
Ay is the spacing of the test lines of length Lj. In b) Ayj is the 
distance between the coating surface and a reference line 
R|_, at positions i along the coating surface.



T-3441 25

2.4 Metallography of Prestrained Specimens
2.4.1 Microtension Specimens

Surface deformation and fracture as a function of strain for all the 

coatings was eva luated with the aid of microtension specimens. 

Microtension specimens are roughly 1/8 the size of a standard ASTM 

tension specimen. Figure 4 shows the specimen dimensions. The zinc 

coatings are sprayed with an acrylic coating for protection during the 

m achining process. Before the samples are strained, the acrylic 

coating is removed with acetone, and the samples are gold coated, 

roughly 1,800 angstroms thick, in a vacuum. When strained in tension 

cracks open up in the coating. These cracks becom e highly visible in 

the SEM by using backscatter electrons which highlight the difference 

between atom ic numbers of the gold layer and the zinc coating. The 

miniature size of these specimens required designing a holding fixture 

for straining in a floor model Instron tension tester. Figure 5 shows the 

fixture, which is small enough to  fit into the SEM. The microtension 

specimen is therefore handled only during insertion into the holder. 

Fiducial marks are put on the specimens so the areas photographed 

on the undeform ed specimen can be re-photographed after the 

specimen is strained.
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Figure 4. Microtension specimen. All dimensions ore in inches.
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0.5

Figure 5. Holding fixture for microtension specimens. Strain is
transmitted from the Instron tension tester through the holder 
to the specimen.
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2.4.2 Coating Characterization bv Crvoaenic Fracture Specimens

A "cryogenic fracture" technique that was developed initially to 

characterize the structure of the electrogalvanized coatings, was later 

employed to characterize all of the coatings. Cryogenic fracture of 

the EG, sheet m etal samples causes basal plane fracture of the 

coating layer. The limited cleavage planes in the HCP structure of the 

zinc, (0 0 0 1 ) and ( 1120) 48, fracture to reveal growth patterns and grain 

morphology. It is possible, but difficult, to slightly etch these fractured 

surfaces in amyl-nital to reveal greater structural definition. Benefiting 

from this technique, the effects of strain through the thickness of the 

coating can be characterized by fracturing prestrained specimens in 

liquid nitrogen. Strip specimens were sheared 203mm (8 in) long by 

38mm (1 .Sin) wide, and strained 10, 20, and 30 percent. After straining, 

sections were removed and notched as shown in Figure 6 . The 

no tched specimens were then fractured in liquid nitrogen, which 

assures cleavage of the zinc coatings and the base steel. A special 

fixture was designed to  transmit an im pact load to  the specimen while 

it is immersed in liquid nitrogen. Figure 7 shows the fixture, the 

specimen, and the required level of the liquid nitrogen. The fractured 

specimens are mounted in a holder for examination in the SEM.
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.5“

Figure 6 . Cryogenic fracture specimens sectioned from strip samples. 
A sharp notch is m ade in the specimen to  initiate fast fracture 
in liquid nitrogen. Dimensions in inches.
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Figure 7. Cryogenic fracture fixture showing load im pact point (B), 
reaction frame (A), and liquid nitrogen level LN.
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CHAPTER THREE 

RESULIS._AN E> DISCUSSION

3.1 Metallographic Evaluation of As-Received Sheet Steels

Accord ing to  the Al-Zn equilibrium phase diagram , shown in 

Figure 1, the solidification structure of Galvalume (GA) should consist 

com pletely of alpha aluminum and Galfan (GF) should consist entirely 

of eutectic structure. However, Figure 8 shows that the (GF) and (GA) 

coatings solidify to non-equilibrium structures, with very thin intermetallic 

alloy layers, typical of hot dip galvanized steels. The non-equilibrium 

microstructure produced on cooling of the GF coa ting  has been 

shown to consist of proeutectic zinc surrounded by an Al-Zn lamellar 

eutectic. However, the lamellar eutectic structure is not resolved by 

the light m etallographic observations made in this thesis. Figure 8 a 

indicates tha t the coating structure consists of very fine equiaxed 

grains approximately 2 jim in diameter.

The microstructure of the GA alloy coating. Figure 8 b, is a cored 

dendritic  structure consisting o f alpha-aluminum (a t abou t 80%Al) 

cored dendrite arms surrounded by a Zn-rich eu tectic  interdendritic 

region. Fine spherical particles and coarse silicon rich particles, as 

discussed by Selverian^^ et al, are associated with the interdendritic 

regions.
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Figure 8 . Microstructures of hot dip Al-Zn coatings, a) GF coating,
b) GA coating which consists of a cored dendritic structure 
surrounded by a Zn-rich eutectic interdendritic region.
Light micrographs.
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Figure 9 shows through thickness, scanning electron micrographs 

(SEM) of the  three e lectroga lvan ized coatings, m ounted and 

polished, but unetched. In each photograph the mounting material is 

black, with the coating ad jacent to  it. Although the structure of the 

electrogalvanized coatings cannot be defined in these micrographs, 

measurements of thickness, and surface roughness can be made. 

The measured thickness for each of the electrogalvanized coatings is 

as follows; EG30 is S.Ojum, EG70 is TOjum, and EG 100 is 15pm.

SEM micrographs of the electrogalvanized coatings, normal to 

the surface, are shown in Figure 10. In each Figure, surface grains are 

defined by sets of parallel ledges associated with the layers of growth 

parallel to  the zinc basal planes. The coating weight is controlled by 

the number of active  cells through which the sheet steel passes. 

Increasing the number of active  electrogalvanizing cells in the 

coating process yields a heavier, thus thicker, coating. As growth of 

the  e lectroga lvan ized overlay proceeds, preferentia lly oriented 

grains grow  a t the  expense o f less favorab ly oriented grains. 

Therefore, heavier weight electrogalvanized coatings will have grains, 

tha t when viewed from the surface, are much larger than grains in 

lighter weight coatings. Evidence of this type of dom inant growth in 

the electrogalvanized coatings can be seen in Figure 10, showing 

SEM micrographs of the three coatings. By outlining the grains, as 

defined by sets of parallel surface steps, and using a line intercept
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method to measure the grain size, an 'effective grain size' for each of 

the coatings was calculated. The EG 100 coating has surface grains 

with an effective grain size of 3.5fim (Figure 10a), whereas the EG70 

coating is S.Ojim (Figure 10b), and the EG30 coating is 2.2jim (Figure 

10c). The corresponding cross-sections of the cryogenically fractured 

EG coatings are shown in Figure 1 la ,b ,c. In each Figure flat facets 

indicating the ( 100 ) c leavage plane in the steel substrate and the 

(0001) c leavage  plane in the zinc are shown. The coating-steel 

interface is ind icated by an arrow, with the coating on the right side. 

A d jacen t to  the steel substrate is a fine electrogalvanized grain 

structure, as shown in the EG30 coating (Figure 1 la ). With increasing 

coating weight, a few of the grains dominate growth, coarsening the 

average zinc grain size as shown in the EG 100 coating in Figure 11c. In 

Figure 12, which is a SEM m icrograph of the cryogenically fractured 

EG 100 coating after a slight nital etch, layers are visible within the 

coating. These individual layers are thought to be associated with the 

electrodeposition of zinc from a single plating cell. During the coating 

process, from cell to  cell, differences in either composition or structure 

must be produced which allows preferential etching of these layers. 

This type of evidence shows tha t these particular electrogalvanized 

coatings are p roduced  by sequential grow th o f certa in  grains 

nucleated on the steel, in contrast to  an electrogalvanizing process 

which nucleates new grains upon passing through each plating cell.
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Figure 11. Cryogemcally fractured e lectrogalvan izeacoarings. Id
the right of the arrows which identify the zinc-steel interface. 
As coating weight increases, the average zinc grain size 
coarsens as shown in going from the EG30 coating in (a), to 
the EG70 coating in (b), to the EG 100 coating in (c).
SEM micrographs.

Figure 12. Cryogenically fractured EG 100 coating, above arrow, after 
a slight nital etch shows evidence of sequential growth of 
certain grains which nucleated on the steel surface.
SEM m icrograph.
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Figure 13 shows the GA coating, unetched, a t three different 

magnifications. In Figure 13a, a spangle boundary can be seen 

spanning the lower left corner of the photograph. These boundaries 

are identified by a change in the growth direction of the dendrite 

arms. The dark patches that appear in Figure 13a, averaging 50|im in 

size, are inherent in the coating, and are more easily visible in Figure 

13b as smooth areas on the surface of the coating. It is believed that 

the valleys and ridges tha t make up the surface appearance of this 

coating are formed when the coating exits the dipping pot and is air 

w iped. Since the interdendritic region, com posed of the eutectic 

structure, is the last constituent to freeze, it is possible tha t the air knives 

blow the unfrozen eutectic structure out from within the solid dendrite 

arms. The Al-rich dendrite cores, easily identifiable in Figures 13b, and 

13c appear as ridges, whereas the Zn rich interdendritic regions 

ap pe ar as valleys. Fine, spherical particles are observed in the 

interdendritic eutectic areas. Figure 13c. The appearance of the GA 

coating to  the naked eye is a bright, highly spangled smooth surface.

Figure 14 shows SEM micrographs of the GF coating at three 

different magnifications. The GF coating is characteristically flatter than 

the GA coating when com pared a t higher magnifications. Other 

features in the GF coating are what appear to  be scratches on the 

coa ting  surface, along with grain boundary cracks inherent in the
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coating which are shown in Figure 14c. These solidification cracks, 

possibly due to  shrinkage during solidification, are possible sites for 

nucléation and propagation of cracks during deformation. The GF 

coating, on the other hand, is somewhat dull, and lacks the traditional 

spangled surface morphology

Two types o f g e o m e trica l pro file  param eters for the  

electrogalvanized coatings were calculated from the photographs in 

Figure 9, results of which are given in Table 3. Although the physical 

meanings of the tw o parameters are different, (Rp is related to mean 

height-to-width ratios, whereas fi(rms) measures the vertical deviations 

of the curve from a central line) both parameters show an increase in 

roughness with increase in coa ting  weight. The profile roughness 

parameter, Rp, increases from 0.09 for the EG30 coating to 0.16 for the 

EG 100 coa ting , while the root-mean-square roughness ave rage  

increases from 1.87p.m for the EG30 coating to  2.11pm for the EG 100 

coating. This increase in roughness, from the lightly coa ted sheet EG30 

(30g/m2) to  the heavier coa ted sheet EG 100 (100g/m2)z supports the 

previous theory that grains growing in a preferred direction will grow at 

the expense o f other less favorably oriented grains, thus producing 

larger surface grains in the heavier coatings.
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Table 3
Geometrical Profile Parameters for EG Coated Sheet

Type Effective
(Designation)___________ Rg_____________p/rms)__________Grain Size
Electro (EG30) 0.09 T87|iim 2.2jim
Electro (EG70) 0.15 1.92|im 3.0fim
Electro (EG 100) 0.16 2.11jim 3.5jim
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3.2 Mechanical Properties

The m echan ica l properties of the coa te d  sheet steels are 

dependant on both the mechanical behavior of the coating and the 

base steel substrate. Tension test data for all of the sheet steels, with 

and w ithout the coatings, are tabu la ted  in Table 4. The coating 

designations, identified at the bottom  of Table 4, are shown in the first 

column. The following three columns give the yield strength, based on 

a 0.2% offset, ultimate strength, and total elongation. Each data point 

in Table 4 represents the average of a minimum of tw o tests. A 

com plete summary of all of the data is compiled in Appendix A. For a 

given specimen the variation between specimens in both yield and 

ultimate tensile strength is less than 7 MPa.

First consider the  m echan ica l properties of the base steel 

substrates for each of the materials. The mechanical properties for the 

GF and EG base steel substrates are similar, with yield strengths of 

about 175 MPa, and ultimate strengths of about 300 MPa. The GA base 

steel substrate has a much higher yield of about 330 and ultimate of 

a b o u t 365 MPa. The three base steels are shown in the light 

micrographs in Figure 15, having microstructures of ferrite with a small 

am ount of carbide. The ferrite grain size, summarized in Table 1, differs 

significantly between the substrates. The GA, shown in Figure 15b, has 

the finest grain size, 5.2|±m, while the other two substrates have coarser
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Table 4
Tensile Properties for Coated and Chemically 

Stripped Sheet Steel

Type Yield Strength Ultimate Strength Total Elongation
(Designation)_______ (MPa)______  (MPa) __________ (%)

GF 0° 159.1 299.7 45.4
GF 45° 172.2 308.7 41.3
GF 90° 162.0 297.6 45.3

GFS 0° 154.3 288.7 45.9
GFS 45° 161.2 300.4 42.1
GFS 90° 154.3 284.5 45.9

GA 0° 363. r 378.9 24.9
GA 45° 369.3* 395.5 25.7
GA 90° 372.0* 395.4 29.5

GAS 0° 332.8* 358.9 31.8
GAS 45° 336.2* 367.9 29.8
GAS 90° 332.1* 365.8 35.2

UE 0° 176.4 305.2 42.9
UE 45° 184.6 316.9 38.5
UE 90° 177.7 308.7 42.4

EG30 0° 172.2 306.6 42.4
EG30 45° 180.0 316.9 39.8
EG30 90° 175.7 299.0 43.5

EG70 0° 171.0 305.2 44.4
EG70 45° 180.5 313.5 39.6
EG70 90° 176.4 297.6 44.2

EG 100 0° 169.5 306.6 44.2
EG 100 45° 183.3 316.2 41.5
EG100 90° 173.6 300.4 43.6
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Table 4-Continued

Type Yield Strength Ultimate Strength Total Elongation
(Designation)________(psi)_______________ (os!)_____________ (%)

EG30S 0° 161.9 288.0 42.2
EG30S 45° 191.5 305.2 39.1
EG30S 90° 177.7 289.4 42.6

EG70S 0° 175.0 285.9 43.3
EG70S 45° 178.4 301.8 39.6
EG70S 90° 161.9 293.5 43.6

EG100S 0° 170.9 294.2 43.7
EG100S 45° 172.9 303.1 41.8
EG100S 90° 165.4 283.9 42.8

GF = galfan material
GFS = galfan material (coating stripped)
GA = galvalume material
GAS = galvalume material (coating stripped)
UE = uncoated electrogalvanized material 
EG30 = electrogalvanized material 30g/m2 coating weight 
EG70 = electrogalvanized material 70g/m2 coating weight 
EG100 = electrogalvanized material 100g/m2 coating weight 
EG30S = chemically stripped 30g/m2 coating weight material 
EG70S = chemically stripped 70g/m2 coating weight material 
EG100S = chemically stripped 100g/m2 coating weight material 
*GA material exhibits discontinuous yielding, lower yield reported
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grain sizes on the order of 10.4p.rn to 12.7pm. The finer grain size of the 

GA accounts for its higher yield strength. In addition to  structural 

differences, GA exhibits discontinuous yielding while both the EG and 

GF materials exhibit continuous yielding. The continuous yielding 

behavior and low yield strength of the EG and GF materials indicate 

tha t they may have been slightly temper rolled prior to  testing.

The effect of the zinc coatings on the mechanical properties are 

shown by com paring  the  d a ta  for co a te d  m ateria l w ith the 

corresponding da ta  for specimens (designated 's') with the coating 

chemically removed. In addition data for the EG substrate, identified 

as UE, which was not subjected to  the galvanizing process are also 

presented.

The most significant e ffect o f the coating was exhibited by the 

GA material in which both the yield strength and the UTS were lower in 

th e  che m ica lly  stripped con d ition , irrespective o f specim en 

orientation. The coa ted  material exhibits an approxim ately 10.4% 

higher yield strength and 7.1% higher UTS. Correspondingly the 

ductilities followed the change in strength, an increase in strength 

leading to  a decrease in ductility. In the system, the observed 

decrease in the effect of the coating with strain (i.e. com pare yield 

and UTS data) was due to flow and fracture of the coating which lead 

to  the developm ent of cracks in the coating (and correspondingly a
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loss in load carrying capacity) as discussed in section 3.4 below. The 

strengthening e ffect of the GA coating is interpreted to  reflect the 

interfacial constraints imposed by the intermetallic layer discussed with 

Figure 8b.

In the GA and EG materials the coatings only slightly modified the 

properties o f the sheets. The co a te d  materials exhib ited yield 

strengths and ultimate tensile strengths which were less than 4% higher 

than tha t of the correspondingly stripped materials. This implies that for 

all practical purposes the coatings for the EG and GF materials did not 

significantly alter the properties of the base sheet.

R-value data  for all of the sheet materials, with and w ithout the 

coatings are tabu la ted  in Table 5. The coating designations are the 

same as those presented previously in Table 4. Each r-value 

represents the average of 3 tests a t each orientation. Specimens 

were tested a t 0°, 45°, and 90° to  the rolling direction. A com plete 

summary of all the da ta  is com piled in Appendix B. The variation 

be tw een ca lcu la ted  r-values for a given specimen orientation was 

low with standard deviations of the mean between 0.01 to 0.1, at a 90 

percent confidence interval. The numbers under the columns Rm and 

Ar, respectively, represent an average plastic strain ratio and a 

ca lcu la ted  earing tendency as described previously in Equations 3 

and 4. The Rm value for the GF and EG materials are high, on the
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Table 5
Plastic Strain Ratio Values for Coated and 

Chemically Stripped Sheet Steel

Type
(Designation')__________ Average r-value_________ Rm____________Ar

GF 0°* 1.60
GF 45° 1.35 1.58 0.92
GF 90° 2.03

GFS 0° 1.61
GFS 45° 1.31 1.58 0.55
GFS 90° 2.11

GA 0° 0.71
GA 45° 0.72 0.83 0.20
GA 90° 1.15

GAS 0° 0.80
GAS 45° 0.82 0.94 0.24
GAS 90° 1.33

UE 0° 1.58
UE 45° 1.08 1.41 0.66
UE 90° 1.89

EG30 0° 1.58
EG30 45° 1.20 1.47 0.54
EG30 90° 1.90

EG70 0° 1.54
EG70 45° 1.20 1.45 0.50
EG70 90° 1.86

EG 100 0° 1.62
EG 100 45° 1.24 1.49 0.51
EG100 90° 1.88
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Table 5-Continued

Type
donation) Average r-Value Rm Ar

EG30S 0° 1.58
EG30S 45° 1.32 1.52 0.40
EG30S 90° 1.86

EG70S 0° 1.63
EG70S 45° 1.20 1.50 0.52
EG70S 90° 1.94

EG100S 0° 1.62
EG100S 45° 1.21 1.51 0.59
EG100S 90° 1.97

*0° indicates specimens machined 0° to  rolling direction.



T-3441 51

order of 1.4 to 1.6, consistent with anticipated values for drawing quality 

steels. The Ar values for the specimens are also high, between 

approximately 0.4 and 0.65. In contrast, Rm and Ar for the GA material 

are significantly lower, at approximately 0.9 and 0.2, respectively.

The effects of the zinc coatings on the r-values are shown by 

com paring the da ta  for coa ted  specimens with the corresponding 

da ta  for the chemically stripped specimens. In conjunction with the 

large differences observed when comparing m echanical properties, 

the GA material exhibits the only measurable difference in Rm when 

com paring test results of co a te d  and stripped specimens. The 

coa ted  material exhibits an approximately 12.6% higher Rm value, 

and 19.6% higher Ar value. These data further support the observations 

discussed above that in the GA material, the zinc layer is load bearing 

and deform ation within the zinc layer helps to  control the overall 

deformation behavior of the coa ted sheet.

In the GF and EG materials the coatings only slightly changed 

the Rm, and Ar values of the sheet. The coa ted  materials exhibited 

Rm values which were identical for the GF material, and at the most, 

only 3.5% higher in the EG material. These observations, along with the 

small the differences in Ar, indicate, consistent with the discussion of 

Table 4, th a t in the EG and GF materials the coatings did not 

significantly alter the mechanical properties of the sheet.
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3.3 Specimen Geometry Effects on Ductilities of Sheet Steel

The da ta  presented in Tables 4 and 5 were obta ined on 

tapered ASTM E-8 specimens or parallel sided ASTM E-517 specimens 

respectively. A comparison of the flow curves obtained with the two 

specim en geometries shows, as illustrated in Figure 16 for the 

uncoa ted  EG base material (specimen designated UC), tha t the 

to ta l ductilities differ significantly while the yield and UTS values are 

similar. As a result a separate study was undertaken to  evaluate the 

fa c to rs  w h ich  co n tro l th e  observed spec im en  geom e try  

de pendence  of the to ta l ductilities. As part of this study, and 

additional material, designated CR in Table 1 was obtained. This 

material is a commercial quality cold rolled and annealed product 

which exhibits r-values (approximately 1.14) which are significantly less 

than the value of 1.58 for the AKDQ UC steel. The corresponding stress 

strain curves for each specimen geometry of the CR material are also 

included in Figure 16 where it is observed that the stress strain behavior 

is geom etry independent. The difference in the curves, for the UC 

material, between the different specimen geometries can be seen in 

the post uniform elongation. The arrows in Figure 16 denote  the 

uniform elongation, or strain at which necking begins. Since there was 

no de tectab le  difference in the curves for the CR material, between 

specimen geometries, one curve was drawn. The effect of specimen 

geom etry on post uniform elongation has been attributed to  the 

e ffec t of specimen heating during deform ation. The degree of
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heating depends directly on the deformation rate and the efficiency 

of the heat exchange medium around the specimen. Thus to 

eva luate the significance of specimen geometry on to ta l ductility, 

da ta  were obtained for both the CR and UC materials a t two different 

strain rates in air, and at one strain rate in two different environments. 

The environments included air, a poor exchange medium, and 

kerosene, a very efficient heat conductor which produced essentially 

isothermal test conditions.

The Table 6 shows ductilities obtained by testing the UC steel and 

the CR steel with the two specimen geometries and at the different test 

conditions. The percen t e longation is given for each specimen 

geom etry under the columns; et (tota l e longation, e u (uniform 

elongation), and epost (post uniform elongation). The r-value for 

each  m aterial is also given, parallel to  the rolling direction. The 

difference in to ta l elongation for the UC material in the E-8 specimen 

geometry and the specimen with the E-517 geometry is greatest when 

tested isothermally, at a strain rate of 0.8 min-1. A summary of the effects 

of specimen geom etry and test conditions on ductility are shown in 

Table 7. These data show tha t the total ductility of the UC sheet steel, 

when tested isothermally, in a kerosene bath, and at an approximate 

strain rate of 0.8 min-1, is nearly 21 percent higher when measured with
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Table 6
Average Elongations for E-8 and E-517 Specimens

Material Condition Strain Rate % Elongation
C ode Of Test (min-1) E-517 geometry________ E-8 geometry

et e u epost et e u e post
UC isothermal 0.8 47.6 24.8 22.8 39.4 24.3 15.1
UC air 0.8 40.2 24.0 16.2 38.1 232 14.9
UC air 0.08 47.2 27.4 19.8 42.8 24.6 18.2

CR isothermal 0.8 37.9 20.6 17.3 37.6 20.0 17.6
CR air 0.8 36.1 18.8 17.3 34.5 18.9 15.6
CR air 0.08 39.4 21.4 18.0 37.5 20.9 16.6

R-values 
UC rQ = l .58 
CR ro=1.14
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Table 7
Percent Gain in Elongation from 

E-8 to E-517 Specimen Geometry

Material Condition Strain Rate %Gain in Elongation 
Code________ Of Test________(min-1 )_________ E-8 to E-517______

et e u epost
UC isothermal 0.8 20.8 2.1 50.9
UC air 0.8 5.5 3.4 8.7
UC air 0.08 10.3 11.4 8.8

CR isothermal 0.8 0.8 iQCO

CR air 0.8 4.6 0.5 10.9
CR air 0.08 5.1 2.4 8.4
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the ASTM E-517 specimens. The percent gain in elongation for the CR 

steel is only about 1 percent greater when tested under the same 

conditions. The change in ductility with specimen geometry is shown 

to  correlate primarily with a change in post uniform necking strain, of 

50.9%, without altering the stress-stroin behavior in uniform strain. The 

large difference in the r-values of these materials is believed to have 

a major influence on the e ffec t of specimen geom etry on the 

ductilities o f these materials. Ductility measurements m ade 

isothermally and at a strain rate of 0.8 min-1 produced the largest 

d iffe rence  be tw een the tw o specimen geometries, for the UC 

material. Test conducted in air, at room temperature, and at a strain 

rate of 0.1 also yielded measurable differences. Therefore, it seems 

tha t reducing the localized heating in the specimen as it begins 

necking contributes to  this phenomenon. The implication of this study 

to  this thesis is tha t all reported ductilities and tensile properties were 

obtained on specimens that comply to ASTM E-8 specifications.

Further analysis o f the com b ined  effects of r-value and 

specimen geometry is currently under s t u d y ^ O ,  and will form the basis 

of a future ASTM publication^!.
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3.4 Metalloargphic Evaluation of Prestrained Coatings
3.4.1 Analytical Approach

Two types o f unique strain experiments were preform ed to 

obtain information about the deform ation and fracture behavior of 

the coatings. These experiments while the interrupted microtension 

test, and the cryogenic fracture test of strained coatings. The results 

from each test are presented in the order by material as follows; GA, 

GF, and EG.

3.4.2 Microtension Specimens

As an introduction to the microtension test experiment. Figure 

17 shows a EG70 specimen after 10 and 30 percent strain. The fiducial 

marks p lace d  on the surface of the specim en are used as a 

reference for locating photographed areas. These markings also act 

as distinctive gage markings from which surface strains can be 

calculated. The effect of strain on the GA coating is shown in Figures 18 

where SEM surface micrographs from the same area are shown for 

strains of 0%, 10%, 15%, and 30%. Figure 18 shows tha t the structure 

separates at the interdendritic boundaries, and the density of cracks, 

and degree of separation increases with strain. Similar micrographs, 

a t selected strains are shown a t higher m agnification in Figure 19, 

where the arrow in each m icrograph follows the developm ent of an 

interdendritic crack. This cracking is due to the Zn-rich eutectic structure 

a t the interdendritic region, which is more brittle than the Al-rich cores.
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Figure 17. SÊ vl m icrograph of a EG70 microtension specimen
strained a) 10 %, and b) 30 %. Strains are ca lcu la ted  from 
the fiducial marks on the surface of the speoimen.
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Figure 18. SEM micrographs.of the same area on a GA microtension 
specimen are shown for strains of 0% in (a), 10% in (b), 15% in 
(c), and 30% in (d). The tensile axis of the unetched 
specimens is horizontal.
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Figure 19. SEM micrographs of the same area on a GA microtension 
specimen are shown for strains of 10% in (a), 15% in (b), and 
30% in (c). The arrow in each micrograph follows the 
developm ent of an interdendritic crack. The tensile axis of 
the unetched specimens is horizontal.
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and is an ideal site for crack initiation. Figure 19 shows that the Zn-rich 

interdendritic region fractures to  form a uniform network of smaller 

cracks. These results are in accordance with the findings of Willis^l, 

who found tha t cracks tended to  propagate along the interdendritic 

reg ion, or a long grain boundaries, pa rticu la rly  if these lie 

perpendicular to the tensile axis. The net e ffect of the cracking is to 

accom m odate the strain in the coating.

The e ffe c t of strain in the GF coa ting  is shown in the SEM 

micrographs obtained at strains of 0%, 30%, and 40% and presented in 

Figure 20. The arrow in each of the photographs points to  a grain 

boundary which separates with increasing amounts of strain. Cracks 

deve lop  in the GF coa ting  a t the grain boundaries, where it is 

be lieved th a t e ither shrinkage cracks a lready present a t the 

boundaries, or trace  elements segregated at the boundaries from 

localized regions susceptible to  this type of cracking. With strain, 

growth of the larger cracks dom inated although crack nucléation also 

led to  an increase in the crack density. Similar micrographs, at 

selected strains, are shown at higher magnifications in Figure 21. This 

series of photographs reveals microcracking along the surface of the 

GF coating. These microcracks are characteristic of both the GA and 

GF coatings, but are more prevalent in the GF coating.
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Figure 20. SEM micrographs of the same area on a GF microtension 
specimen are shown for strains of 0% in (a), 30% in (b), and 
40% in (c). The arrow in each of the micrographs points to a 
grain boundary which separates with increasing amounts of 
strain. The tensile axis of the unetched specimens is 
horizontal.
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• 1 0 ^

Figure 21. SEM micrographs of the same area on a GF microtension 
specimen are shown for strains of 0% in (a), 30% in (b), and 
40% in (c). The tensile axis of the unetched specimens is 
horizontal.
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In Figure 22 SEM micrographs of the EG30 coating, the thinnest of 

the electrogalvanized coatings, are shown after strains of 0%, 10%, 

30%, and 50%. In Figure 22a, the arrow in the upper right corner points 

to  the tip  of one of the many crystals tha t have grown on the steel 

during the electrogalvanizing process. In this location notice with the 

progression of the photographs, as strain increases, how the crystal 

disintegrates by fracture along the cleavage planes. In Figure 22d, at 

a measured strain of 50% notice the large areas of base steel that 

have been exposed, a behavior most representative of the EG30 

coa ting . The con ne c te d  arrows in the lower portion of the 

micrographs in Figure 22 indicate the relative translation and rotation 

betw een tw o surface grains. In this case the zinc crystals integrity 

remains constant but the relative position between adjoining grains 

changes, exposing base metal.

Figure 23 shows SEM micrographs of the EG70 coating in the as- 

received condition and after strains of 20%, 30%, and 50%. As shown 

previously, the average surface crystal size increases with coating 

weight. These large crystals are able to deform more effectively than 

the small grains in the lighter weight coating and thus with strain more 

readily maintain coverage. This effect is most evident in the heaviest, 

EG 100 coating discussed below.



T-3441 6 6

Figure 22. SEM micrographs of the same area on a EG30
microtension specimen are shown for strains of 0% in (a), 10% 
in (b), 30% in (c), and 50% in (d). The arrow in the upper right 
corner points to  the a crystal that disintegrates by fracture 
along the c leavage planes. The connected arrows 
indicate the relative translation and rotation between two 
surface grains. The tensile axis of the unetched specimens 
is horizontal.
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Figure 23. SEM micrographs o f the same area on a EG70
microtension specimen are shown for strains of 0% in (a), 20% 
in (b), 30% in (c), and 50% in (d). The tensile axis of the 
unetched specimens is horizontal.
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In Figure 24 SEM micrographs of the EG 100 coating, which is the 

heaviest of the electrogalvanized coatings, are shown after strains of 

0%, 20%, 30%, and 50%. The arrow in lower right corner o f each 

m icrograph points to a crystal that, with increasing amounts of strain, 

deforms along its slip planes, similar to  the crystals in the other 

electrogalvanized coatings. The outlined arrows at the top  of the 

photographs in Figure 24 enclose an area on the surface tha t 

appears to  have locally e longated 100 percent, even though the 

base steel was measured to  have a e longation o f 50%. The 

d iffe rence in measured strain m ight reflect the effects o f local 

inhomogeneities in flow along the sample length. The specimen 

e longation  was measured over a gage length of abou t 3mm, 

whereas the the localized elongation in the coating was measured 

over a length of abou t 20p.m. Thus the effects of localized 

inhomogeneities in strain would be more prevalent if located within 

the smaller gage length.

Of the three electrogalvanized coatings tested, the base steel 

remained more com pletely covered with zinc in the EG 100 coating 

relative to  the EG30 and EG70 coatings. This is due to  the larger crystals 

tha t have formed on the surface of the EG 100 coating. These crystals 

are able to more effectively flow across the surface during strain than 

the smaller crystals that form on the lighter weight coatings.



T-3441 69

F

0 #

'X

r . 4
«i

-

a '  •

- v
b

: •* '

S %
: <

Figure 24. SEIVI m icrographs of the same area on a EG 100
microtension specimen are shown for strains of 0% in (a), 20% 
in (b), 30% in (c), and 50% in (d). The arrow in the lower right 
points to  a crystal that, with increasing strain, deforms along 
its slip planes. The outlined arrows a t the top  enclose an 
area tha t appears to  have locally e longated 100%. The 
tensile axis of the unetched specimens is horizontal.
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3.4.3 Cryogenic Fracture Specimens

The cryogenic fracture test discussed previously in conjunction 

with Figure 11 was used to evaluate the effects of strain through the 

coating thickness. Figure 25 shows the cryogenic fracture test results for 

the GA coating in the as-received condition (25a), and at strains of 

10% (25b), 20% (25c), and 30% (25d). In each micrograph the coating 

is on the left. In contrast to the microtension test, each micrograph was 

taken from a different specimen. In each fractograph two distinctively 

d iffe rent fracture characteristics are observed in the coating ; a 

"spongy" fracture associated with fracture through the interdendritic 

region, and a flat fracture associated with separation between the 

eutectic interdendritic structure and the Al-rich c o r e 5 2 .  With strain the 

relative fraction of the "spongy" region increases as a result of the 

effects of strain on the degree of interdendritic cracking discussed in 

Figure 19. In addition to the two features discussed above subsurface 

cracks were observed in the Al-rich cores, an example is indicated by 

the arrow in Figure 25b. These subsurface cracks may be responsible 

for transmitting strain to the surface of the coating, however no cracks 

of this kind were visible in surface m icrographs. Figure 18. One 

hypothesis which describes the formation of these subsurface cracks 

discussed above, is that the brittle interfacial layer, arrow in Figure 25d, 

could cause sharp notches due to  cracking within the layer to form 

beneath the coating.
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Figure 25. SEM micrographs of cryogenically fractured GA specimens 
in the as-received condition (a), and at strains of 10 % (b), 5 
20% (c), and 30% (d). Subsurface cracks were observed, 
arrow in 25b, along with intermetallic cracking, arrow in 25d. 
The tensile axis of the unetched specimens is vertical.
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The effects of strain on the GF coating can be seen in Figure 26, 

where SEM micrographs of cryogenically fractured GF coatings in the 

as-received condition (26a), strained 10% (26b), 20% (26c), and 30 

%(26d) are shown. The microstructure of the GF coating, as revealed 

in the fracture surface morphology shows dispersed spherical particles 

interpreted as Zn-rich particles (shown by the arrow in figure 26a). 

These observations are in agreem ent with other investigators^, who 

found the same structure. The lamellar structure as reported by 

Makimattila^S was not observed. Apart from the fracture of eutectic 

areas containing spheroidal particles, the fracture surface consists of a 

much finer face ted surface than the other coatings. Makimattila also 

found pronounced nucléation, growth and coa lescence of voids 

preceding fracture in the eutectic coating. Figure 26d, a t 30 percent 

strain, reveals no such void coalescence. As discussed earlier, and 

supported by the microtension specimen results, the GF coating forms 

microcracks along the surface of the coating during straining. Figure 

26c shows these subsurface cracks (see arrow) which may result in the 

formation of surface microcracks.
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Figure 26. SEM micrographs of cryogenically fractured GF specimens 
in the as-received condition (a), and a t strains of 10 % (b), 
20% (c), and 30% (d). Zn-rich particles were observed, arrow 
in 26a, along with subsurface cracking, arrow in 26c. The 
tensile axis of the unetched specimens is vertical.
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Figures 27 through 29 show SEM micrographs of the cryogenically 

fractured electrogalvanized EG30, EG70, and EG 100 coatings. In 

each figure the coating is shown at strains of 0% (a), 10% (b), 20% (c), 

and 30% (d). A general observation that can be made is tha t with an 

increase in strain the degree of surface roughness on the fracture 

surface increases owing to  the effects of differences in intragranular 

slip and fracture from one grain to another as discussed in conjunction 

with the surface SEM micrographs in Figure 22. Another general feature 

observed in all the coatings is a well bonded interface between the 

steel and electrogalvanized coating in the as-received condition. 

Evidence of this bonding is pointed out in the arrow in Figure 27a. With 

increasing strain all coatings exhibited increasing degrees of coating- 

substrate interface cracking, although not to the same extent as in the 

hot dip coatings.

A major e ffec t of strain is a significant reduction of coating 

thickness in the EG30 coating. The arrow in Figure 27d shows an 

example of this where the coating is reduced to  one-third its original 

thickness. In the limit these thickness differences result in a loss of 

coverage for the lightweight coatings, and exposure of the base 

steel substrate.
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Figure 27. SEM micrographs of cryogenically fractured EG30
specimens in the as-received condition (a), and at strains of 
10 % (b), 20% (c), and 30% (d). The arrow in 27a points the 
well bonded Fe-Zn interface. The tw o arrows in 27d enclose 
a portion of the coating that has thinned to less than 
one-third its average thickness. The tensile axis of the 
unetched specimens is vertical.
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Figure 28. SEM micrographs of cryogenically fractured EG70
specimens in the as-received condition (a), and at strains of 
10 % (b), 20% (c), and 30% (d). The tensile axis of the 
unetched specimens is vertical.
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Figure 29. SEM micrographs of cryogenically fractured EG 100
specimens in the as-received condition (a), and at strains of 
10 % (b), 20% (c), and 30% (d). The arrow in 29a points to  a 
highly coherent interface between the crystals. As strain 
increases, fracture within the grains develops within grains 
(29b), and betw een grains (29c). The tensile axis of the 
unetched specimens is vertical.
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Another effect of strain on the coating is the developm ent of 

intragranular and intergranular fracture of the coatings. Figure 29a 

shows (arrow) sound bonds betw een grains in the as-received 

coating. The arrows in Figure 29b and 29c show cracks which have 

opened up during straining. Such frac tu re  phenom ena m ay 

contribute to  flaking of electrogalvanized coatings during form ing 

operations.

3.5 Summary of Coating Behavior

The exam ination of coa ting  behavior as determ ined by the 

microtension and cryogenic fracture testing yielded the differences 

discussed in the previous sections. These differences are summarized 

in Table 8. From a deformation and fracture standpoint, the EG 100, the 

thickest electrogalvanized coating would be expected to  show the 

best performance during sheet metal forming and during service. The 

hot dip coatings, GA and GF, show greater tendencies to cracking in 

the coatings and at substrate-coating interfaces. The lighter weight EG 

coatings tend to  thin to the point where coverage of the base steel 

becomes discontinuous a t high strains.
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CHAPTER FOUR 

CONCLUSIONS

C om m ercia lly p roduced  hot dip coa ted  steels, Galvalum e 

(GA), and Galfan (GF), and a series o f e lectrogalvanized (EG) 

coatings of various coating weights have been examined for their 

e ffect on deformation and fracture behavior as a function of tensile 

strain. The conclusions regarding behavior for each type of coating 

are presented below.

1. the GA coating with a microstructure consisting of Al-rich 

dendrites and a Zn-rich interdendritic regions develops fine scale 

tearing within the interdendritic regions at low strains, developing into 

coarser cracks a t higher strains. The GA intermetallic layer, with 

increasing strain, causes substantial cracking at the coating-substrate 

interface. The presence of the GA coating produced a composite 

with a load bearing capacity  greater than the substrate. The substrate 

exhibited higher ductility and r-values than the com posite, further 

demonstrating the influence of the coating on the GA coa ted  steel 

behavior.
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2. The GF coa ting  consisting of a Al-Zn eu tec tic  structure 

develops patches of fine tears in eutectic regions and larger cracks 

between grains. Relatively little cracking was observed a t the GF 

coating-substrate in terface. The presence o f the GF coa ting  

p roduced  no m echan ica l property d ifferences relative to  the 

uncoated specimens.

3. The EG coating consists of pure zinc grains. Surface grain size 

and roughness increased with increasing coa ting  weight. The 

individual grains deform ed extensively to  the point of exposing steel 

substrate a t high strains in the thinnest coating, and both intragranular 

and intergranular cracks were observed in deform ed specimens. 

Little coating-substrate cracking was observed and the mechanical 

properties of the EG steels were unaffected by the presence of the 

coating.
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APPENDIX A

Tensile Properties for Coated and Chemically
Stripped Sheet Steel

Type Yield Strength Ultimate Strength Total Elongation
(Designation)_______ (MPa)_____________ (MPa)_____________ (%)

GF1 0° 158.2 301.1 45.8
GF2 0° 159.8 299.6 46.4
GF3 0° 159.8 299.6 44.3

GF1 45° 174.7 309.4 41.6
GF2 45° 169.7 307.9 42.5
GF3 45° 172.2 308.5 40.8

GF1 90° 161.0 299.2 45.1
GF2 90° 159.8 296.1 44.7
GF3 90° 166.0 299.2 46.4

GFS1 0° 154.7 288.5 45.5
GFS2 0° 154.7 289.6 45.1
GFS3 0° 154.7 289.6 47.2

GFS1 45° 161.0 300.7 42.0
GFS2 45° 161.0 300.7 43.5
GFS3 45° 163.4 300.7 40.9

GFS1 90° 157.3 286.1 45.6
GFS2 90° 153.6 284.5 45.8
GFS3 90° 153.6 284.0 46.5
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(continued)

Tensile Properties for Coated and Chemically
Stripped Sheet Steel

Type Yield Strength Ultimate Strength Total Elongation
(Designation)_______ (MPa)_____________ (MPa)_____________ (%)

GA1 0° 358.9 377.5 24.9
GA2 0° 357.4 378.9 25.6
G A3 0° 373.0 380.4 24.3

GAI 45° 380.4 397.6 25.3
GA2 45° 376.8 394.7 26.1
GA3 45° 366.1 394.7 25.6

GA1 90° 366.1 394.7 29.2
GA2 90° 376.8 396.2 30.0
GA3 90° 373.2 385.5 292

GAS1 0° 337.3 357.5 31.6
GAS2 0° 330.2 359.6 31.8
GAS3 0° 329.9 359.0 31.9

GAS1 45° 333.6 369.8 29.9
GAS2 45° 337.3 366.7 29.6
GAS3 45° 3373 366.7 29.8

GAS! 90° 329.9 365.5 35.1
GAS2 90° 333.6 365.5 36.0
GAS3 90° 333.6 366.3 34.4
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(continued)

Tensile Properties for Coated and Chemically
Stripped Sheet Steel

Type Yield Strength Ultimate Strength Total Elongation
(Designation)_______ (MPa)_____________ (MPa)_____________ (%)

UE1 0° 176.6 305.6 43.0
UE2 0° 176.6 304.7 42.7

UE1 45° 183.4 316.3 38.6
UE2 45° 186.7 317.6 38.5

UE1 90° 177.8 303.6 42.1
UE2 90° 177.8 300.0 42.7

EG301 0° 168.8 306.2 42.6
EG302 0° 175.6 307.6 42.1

EG301 45° 179.8 315.9 39.8
EG302 45° 181.1 317.9 39.7

EG301 90° 174.4 298.1 43.2
EG302 90° 177.8 300.0 44.7

EG701 0° 171.1 306.3 44.5
EG702 0° 171.1 305.0 44.2

EG701 45° 181.1 313.5 392
EG702 45° 181.1 313.5 392

EG701 90° 176.6 298.1 45.4
EG702 90° 176.6 298.1 43.0

EG1001 0° 170.0 306.9 44.1
EG 1002 0° 170.0 306.9 44.2

EG 1001 45° 183.3 315.7 42.0
EG 1002 45° 183.3 317.9 41.0

EG1001 90° 173.3 300.0 44.1
EG 1002 90° 174.4 300.0 43.1
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(continued)

Tensile Properties for Coated and Chemically
Stripped Sheet Steel

Type Yield Strength Ultimate Strength Total Elongation
(Designation)_______ (MPa)_____________ (MPa)_____________ (%)

EG30S1 0° 171.1 301.1 42.6
EG30S2 0° 153.1 274.7 41.7

EG30S1 45° 198.7 304.3 39.5
EG30S2 45° 185.4 306.9 38.7

EG30S1 90° 172.2 290.1 42.1
EG30S2 90° 184.3 289.6 43.1

EG70S1 0° 181.1 286.6 42.3
EG70S2 0° 170.0 286.2 44.2

EG70S1 45° 183.3 301.5 40.2
EG70S2 45° 174.4 302.5 38.9

EG70S1 90° 162.4 294.1 43.3
EG70S2 90° 162.4 294.1 43.9

EG100S1 0° 178.8 293.7 43.9
EG100S2 0° 163.4 284.6 43.4

EG100S1 45° 172.2 302.1 43.4
EG100S2 45° 174.4 304.7 40.2

EG100S1 90° 165.6 285.3 44.5
EG100S2 90° 165.6 282.7 41.0
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APPENDIX B

Plastic Strain Ratio Values for Coated and
Chemically Stripped Sheet Steel

Type
CDesianation) r-value

Type
(desianation) r-value

GS1 0° 0.75 GAS! 0° 0.81
GA2 0.70 GAS2 0.78
GA3 0.67 GAS3 0.82

GA1 45° 0.73 GAS! 45° 0.74
GA2 0.71 GAS2 0.81
GA3 0.74 GAS3 0.91

GA1 90° 1.37 GAS! 90° 1.39
GA2 0.% GAS2 0.89
GA3 1.11 GAS3 1.68

GF1 0° 1.61 GFS1 0° 1.37
GF2 1.57 GFS2 1.71
GF3 1.60 GFS3 1.75

GF1 45° 1.52 GFS1 45° 1.31
GF2 1.26 GFS2 1.33
GF3 1.28 GFS3 1.29

GF1 90° 2.05 GFS1 90° 2.45
GF2 2.03 GFS2 2.10
GF3 2.01 GFS3 2.20
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(continued)

Plastic Strain Ratio Values for Coated and
Chemically Stripped Sheet Steel

Type Type
(Desianation)_______r-value_______ (desianation)________r-value

UE1 0° 1.64
UE2 1.55
UE3 1.55

DEI 45° 1.10
UE2 1.10
UE3 1.10

UE1 90° 1.86
UE2 1.90
UE3 1.93

EG301 0° 1.61 EG30S1 0° 1.51
EG302 1.55 EG30S1 1.63
EG303 1.57 EG30S3 1.60

EG301 45° 1.23 EG30S1 45° 1.22
EG302 1.21 EG30S2 1.25
EG303 1.16 EG30S3 1.48

EG301 90° 1.87 EG30S1 90° 1.84
EG302 1.91 EG30S2 1.90
EG303 1.91 EG30S3 1.83

EG701 0° 1.40 EG70S1 0° 1.60
EG702 1.63 EG70S2 1.60
EG703 1.58 EG70S3 1.67

EG701 45° 1.17 EG70S1 45° 1.19
EG702 1.20 EG70S2 1.23
EG703 1.21 EG70S3 1.23

EG701 90° 1.84 EG70S1 90° 1.95
EG702 1.86 EG70S2 1.94
EG703 1.85 EG70S3 1.90
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(continued)

Plastic Strain Ratio Values for Coated and 
Chemically Stripped Sheet Steel

Type Type
(Desianation)_______r-value (desianation)_______ r-value

EG1001 0° 1.58 EG100S1 0° 1.62
EG 1002 1.62 EG100S2 1.62
EG 1003 1.64 EG100S3 1.63

EG1001 45° 1.25 EG100S1 45° 1.22
EG 1002 1.26 EG100S2 1.14
EG 1003 1.20 EG100S3 1.28

EG1001 90° 1.89 EG100S1 90° 1.93
EG 1002 1.91 EG100S2 1.98
EG 1003 1.84 EG100S3 2.01
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GF = galfan material
GFS = galfan material (coating stripped)
GA = galvalume material
GAS = galvalume material (coating stripped)
UE = uncoated electrogalvanized material
EG30 = electrogalvanized material 30g/m 2 coating weight
EG70 = electrogalvanized material 70g/m 2 coating weight
EG100 = electrogalvanized material 100g/m2 coating weight
EG30S = chemically stripped 30g/m2 coating weight material
EG70S = chemically stripped 70g/m 2 coating weight material
EG100S = chemically stripped 100g/m2 coating weight material
*GA material exhibits discontinuous yielding, lower yield reported 

After each coating designation is a specimen number.


