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I. INTRODUCTION

In 1956, Wirshing and McMaster of General Motors
demonstrated the existence of wide differences in the
corrosion resistance of apparently identical 1lots of
cold-rolled steel (1). All lots were phosphated, painted,
and tested identically, At that time they were unable to
identify the surface condition which would give one steel
surface good corrosion protection and another steel surface
poor corrosion protection after subsequent finishing, i.e.,
phosphating and painting operations. In 1959, Grossman
offered substantial evidence that surface carbon was the
principle contaminant which influenced the corrosion
performance of painted steel (2). Grossman postulated that
the source of this carbon contamination was from the
breakdown of o0ils present on the steel surface during the
annealing stage in the steelmaking process,

From economic and quality considerations, it is to the
mutual advantage of both steel producer and steel user to
share and understand the technical implications of the
requirements for reproducible corrosion resistant,
cold-rolled steel surfaces. Today both steel producers and
users realize the detrimental effects surface carbonaceous
residues have on the ultimate corrosion resistance of a
finished steel surface. Over the 1last few years, the
automotive industries have set tighter cold-rolled steel
requirements., To meet these demands the steel producer was
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compelled to develop a deeper understanding of the steel
processing-steel properties relationships. Previous to the
need for lighter gauge sheet steel, greater fluctuations in
steel corrosion resistance were tolerated. But to reduce
weight and still maintain vehicle integrity 1t became
imperative that cost effective, high strength
corrosion-resistant steel be used, These moves necessitated
1) a deeper understanding of the steel mill processing
parameters which can affect the corrosion performance of
finished steel, 2) the development of new methods or the
improved use of existing methods for the detection,
analysis, and quantification of surface contaminants,
particularly surface carbon, 3) an understanding of the
mechanism by which surface carbon affects the pretreatment
and corrosion performance afforded by paint coatings, and 1)
the use of dependable, high quality coatings to assure
reliable corrosion protection.

In regard to this introduction, a number of questions
have been posed:

What are typical contaminants on the steel surface?

How can they be analyzed qualititatively and
quantitatively?

What is their orig;n in the steelmaking process?

- What effect does <cleaning have on these
contaminants?

What effects do these contaminants have on the zinc
phosphate pretreatment coating?

How do these effects translate to paint performance
and corrosion resistance?

By what mechanisms do these contaminants influence
paint adhesion failure?

What can steel producers do to minimize the
occurrence of these contaminants?

It is the dual purpose of this paper to answer these
questions and to interrelate the general theme of steel mill
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processing with resulting surface properties. Specificall

discussed in this regard are: cold mill prOCesai Y
parameters, surface analysis methods, and the effect: -
surface contamination on finishing processes, These iOf
arg flow charted in Figure 1. Only through an incre:s::
:thgszj?ding of these relationships can Improvements be

II. SURFACE CARBON ANALYSIS

The dominating form of steel surface contamination i
surface carbon, and one way of assessing steel surf .
cleanliness is by measuring its surface carbon level ?ﬁe
development of quantitative surface carbon anél s
techniques has occurred only within the last four yearSYS1s
has paralleled the discovery that a surface carbon 1eand-
above a critical threshold is detrimental to the corrosYel
performance of painted steel, Furthermore, the developm:o:
of these techniques has had a significant impact in 1) t:
evaluation of the effects of various steel mill processes ;
steel cleanliness, and 2) studies relating the corrosion
performance of painted steel to surface cleanliness Theon
two topics are discussed in detail in Sections IIf and 38
respectively, In this section, three surface carb "
analysis methods used in the American steel and automob'?n
industries will be discussed. They {nclude: D] ;he
hydrochloric (HC1) swab/Leco 46 combustion method; 2) the
direct oxidation/CO. coulometer method: and 3)'th :
evolution analysis (TEA) ' ermal

A. The HCl Swab/Leco 46 Combustion Me thod

The HCl swab/Leco 46 combustion method allows for th
sgmiquantitative analysis of surface carbon present on ;
given steel surface area, This test has been adapted by tha
F9rd Motor Co. for surface carbon analysis and is usee
widely En the steel industry (3). For this test, g 929
(144 in®) test panel is washed in a power washe; to remgm
any loosely bound oils and surface soils. The power washve
is equipped with two banks of stainless steel nozzles eagg
bank containing 12 nozzles. Test panels are plac;d it
between these two nozzle banks, and power washed usin o
solution of Parco 348 cleaner {Oxy-Metal Industries Mad;i ;
Heights, Michigan) under the following conditions: ' o
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. Spray time 58-62 seconds

. Concentration 7-8 g/l (1 oz/gal)

. Temperature 60-70°C (140-158° F)
. Pressure 62-76 kPa (9-11 psi)
. Distance from nozzle 152-203 mm (6-8 in)

o N —

After washing, the panel is rinsed in tap water and at

dried, and its surface is wiped with a fiberglass i1t r
paper saturated with a 50% HCl acid solution, Followi:r
this step, the filter paper is folded and placed int :
porcelain crucible. Blank swabs are also prepared at ézia
time, The cruc1bles (sample and blank) are dried in an ov ;
at 180°C (356°F) for one hour to expel moisture es
hydrochloric acid. The filter paper 1s transferred t:n

combustion crucible, and the carbon 1s analyzed using a Leca
CS 46 Analyzer (Leco Corp., St. Joseph, Michigan), Tho
blank value i3 subtracted from the sample Vé}ue and surf ‘
carbon results are reported in units of mg/m (mg/ft ). ace

Effects on
Finishing Processes.
Paint Delamination

Paint Performance

Phosphating
Mechanisms of

The HCl swab/Leco U6 method has been the major method
used for surface carbon analysis used by the Ford Moto
Company and the steel industry over the last several yearsr
This method has been used to show a correlation between th'
surface carbon content on cold-rolled steel :
subsequent performance in the painted condition
spray corrosion testing (4,5).

Analysis Methods

and its
in salt

Secondary lon Mass Spectrometry

Quantitative Surface Carbon
Ion Scattering Spectroscopy

* Auger Electron Spectroscopy

However this test has several disadvantages, It is
tedious, time consuming, somewhat operator dependent ,
semiquantitative, and the instrumentation is expensive, A
chemist must swab one square foot of sheet steel with a :
glass fiber filter paper saturated with a 50% HCl solution ;
until no further dark colored material is removed from the
surgace. While the swab is being dried for one hour at °
180°C (356 F), a substantial loss of organic carbon occurs
(see below), thus making this test semiquantitative, Sample
analysis time is about 1.25 hours although normally a batch
of samples is run at one time.

PROCESSING, ANALYSIS METHODS AND EFFECTS ON

FINISHING PROCESSES

Steel Mill Processing — Surface Properties Relationships
FIGURE 1 INTERRELATIONSHIPS BETWEEN STEEL MiLL

Cold Mill
Processing
Parameters

Pickling

Cold Reduction
Annealing
Temper Rolling
Oiling

Because of the inherent disadvantages associated with
the HCl swab/Leco 46 combustion method, Inland Stee]
Research has developed an alternative surface carbon
analysis method known as the direct oxidation/cO
coulometer method for surface carbon analysis, (6,7,8)
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B. The Direct Oxidation/CO2 Coulometer Method

The direct oxidation/CO_ coulometer method was developed
at the Inland Steel Ré@earch Laboratories for the
quantitative analysis of total surface carbon present on a
given steel surface area. Instrumentation for this method
consists of two main components: a combustion apparatus and
an automatic coulometer for CO_, titration (Coulometrics,
Inc.., Wheat Ridge, Colorado). ﬁ%wer washed steel samples
(described in tBe previous _section) with a total surface
area of 81 cm (12.4% in®) are placed into a quartz
combustion tube at 600°C (1112°F) where prepurified oxygen
flowing through the tube reacts with surface carbon to form
CO_ and CO., Immediately following the sample compartment is
a gube containing barium chromate catalyst for conversion of
CO to CO. and a scrubber train for removing potentially
interferigg gases such as 502, SO_, NO, NO, and Cl,. The
stream of purified O. and CO° is then bubbfed into The CO
coulometer titration® vessel “where CO_j 1is quantitative1§
absorbed by ethanolamine to form 2-h5ﬁroxy—ethy1-carbamic
acid, which in turn is automatically titrated with hydroxide
ions produced at the platinum generator electrode.

A die and punch is used to facilitate sample
preparation, to ensure precise surface area, and to minimize
sample handling and contamination of steel samples prior to
insertion 1in the quartz combustion tube of the CO2
coulometer apparatus.

In the direct oxidation/CO_ coulometer method for
surface carbon analysis, surface carbon is reacted with pure
0. at 600°C (1112°F) to form CO, with no loss of carbon from
héndling or transferring the é%eel sample. The generated
€0, is analyzed in an automatic CO,_ coulometric titrator.
hniiysis time is less than five mf%utes and all possible
forss of surface carbon (organic, amorphous, and graphitic)

react quantitatively.

A comparison of a large sampling of surface carbon
results obtained by the two methods described above show
that the surface carbon values obtained by the HCl swab/Leco
46 method are always lower than surface carbon values
obtained by the direct oxidation/CO, coulometer method.
This difference has been shown to bé due to the loss of
volatile organic carbon from the swab when using the former

technique (7,8).
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The direct oxidation/CO_ coulometer method i

utilized in a number of” studles at Inlan;? n0§nbeing
particular application, this technique 1is ygseg oze
differentiate organic from non-organic surface carbon bo
using two heat zones. In the first heat =zone, organiy
surgace cagbon is converted to CO_ within five minutes N
450°C (536°F). °The samgles are tﬁ%n moved into the sec ag
heat zone at 600°C (1112°F), where the remaining non-or a:?
carbon reacts. This method has allowed for the quantitgtivc
differentiation of organic from non-organic surface carbone
Furthermore, it has also been found that surface carbon ma.
be determined on zinc phosphate pretreated samples by thiy
method. Results from differentiating surface carbon an;
determining surface carbon on zinc phosphate pretreateq
panels are presented in Section V.

C. Thermal Evolution Analysis

Wojtkowiak and Bender described the use of a DuPont 91§
thermal evolution analyzer for the analysis of organt
carbon on the steel surface (9). This instrument consistg
of a temperature programmable quartz furnace direct]
coupled to a high temperature flame ionization detectoz
whose response 1s specific for organic carbon. Stee]
samples are placed into the quartz furnace, and heated
During heating, the organic surface carbon is volatilized o;
thermally decomposed, and swept into the detector by a
nitrogen purge. The detector response is directly-
proportional to the amount of organic carbon entering thz
detector. Both the rate of organic carbon evolution as g5
function of temperature, and the total organic carbon
content of the sample i3 measured.

II1I. THE INFLUENCE OF COLD MILL PROCESSING
ON SURFACE CARBON

The mill processing stages which can influence the final
surface carbon level of temper rolled steel span the
pickling operation to the oiling of temper rolled steel
This section discusses the work done at Inland and review;
the work of others, on the effects of pickling, tandem cold
reduction, annealing, temper rolling, and the oiling of
temper rolled sheet, on the final steel surface carbon
level.
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A. .The Pickle Line

The first area that can have an influence on steel
sur face cleanliness is the pickle 1line, The primary
function of a pickle line is to uniformly remove all oxide
scale resulting from the hot rolling operation and to oil
the pickled product, The removal of oxide 3cale {is
necessary to 1) prevent oxides from being rolled into the
surface and 2) prevent formation of iron fines during tandem
rolling operations. The pickle o0il functions 1) as a
lubricant for upcoiling after pickling and decoiling prior
to tandem rolling, 2) as a lubricant for the first stand of
a tandem mill, and 3) as a barrier film to protect the
hot-rolled and pickled coil from corroding in the "acidice"
environment near the pickle line, while it is being held
prior to tandem rolling, Pickling is accomplished by using
aqueous hydrochloric or sulfuric acid solutions, along with
commercial pickling inhibitors. The acid serves to undercut
and dissolve the scale, while the inhibitor promotes wetting
of the oxide by the acid solution for rapid scale and rust
removal, The pickling inhibitor dlso limits the attack of
the acid on the base metal, by forming a protective absorbed
layer on the steel surface. Hudson and Warning have found
that since the early 1960's, many continuous strip pickle
lines have been converted from sulfuric to hydrochloric
acid, because of one or more of the following advantages

when using hydrochloric acid (10):

1 Rapid pickling rates for lines that do not have a
temper mill scalebraker,

2) Brighter pickled surface,

3 Well proven efficient regeneration method for spent
pickle liquor.

4) Lower volume of waste pickle liquor produced.

5) More complete reaction of acid during pickling
without decreasing rate of scale removal due to
iron-salt build-up in solution.

6) Availability of effective inhibitors that do not
interfere with the pickling process.

Hudson and Warning's observations that
pickling produces a "brighter" surface chﬁdr;iii}oric acid
pickling may imply that a hydrochloric acig sol‘"?“ acid
produce a cleaner or lower surface carbon Surfs ution may
sulfuric acid solution. A quantitative study to ce than g
implication is not known to have been done, verify this

Normal pickle operations are carried out ysi
hydroghloric so%ytion containing about 0.1% inhib?g a 6%
62-937°C (150-200°F). Rinsing after pickling is im ttor, at
remove acid residue, iron chloride salts, Scale Pe§9gta”t to
iron fines. 1In a good operation, the rinse water i; ;e
a minimum of pH 7, with less than 50 ppm iron. ept at

After the steel has been pickled, ripgeq t
o

essentially neutral surface condition, apg drieg _ an
coated with a pickle oil, such as a reclaimed talloL it .is
» prior

to the cold reduction operation. Improperly selected o
oil can be a source for surface carbon on the fi PICkle
temper-rolled steel (11),. The pickle 0il ShoniShEd'
compatible with tandem mill rolling solutions Since 12 d be ;
to be washed off the strip during rolling, and mix tepdS;
recirculating emulsion solutions used at the tanden ei with .
Furthermore, 1if the pickle oil is not completel S-ands,
from the strip surface during tandem rolling, it sﬁguggmoved
off cleanly during annealing, leaving no stains or burn:
the‘ annealed product, The application of 4 contSOOt on .
minimum amount of pickle oil, appears to be gy imFOIIed,:
factor in the manufacture of clean steel, A rportant
developed oil application technique, known ag the §Cently ‘
electrostatic blade coater has been installed in a ny Eabody;
pickle lines in both Great Britain and the United :ter or .
This technique allows o0il to be applied uni formy ates.‘
controllably to both sides of the pickled stee] stri Y and
to 70% oil reduction can be achieved, With:.t A 40
detrimental effects to lubricity or corrosion protu any
In addition to oil cost saving benefits, less pickleeCFlon.
carried through subsequent mill Operationg tholl is
decreasing the potential for pickle oil contripyt; eredby
surface carbon, utlion to
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B. Tandem Rolling Mill

During cold reduction, the thickness of the starting
naterial is reduced substantially as the steel passes
through four, five, or six-stand tandem cold reduction
mills. This severe c¢old reduction process necessitates
adequate lubricity, and the proper maintenance of the
rolling solutions. Rolling solutions, which can consist of
a 3-5% by volume tallow-based oil, are formulated primary as
lubricants to facilitate the reduction of the pickled hot
band, while minimizing ¢the production of undesired iron
fines. Even though 1lubricant application practices vary
from mill to mill, (see references 11 and 12 for detailed
descriptions of tandem mill designs, operations, and
lubricant application practices) solution parameters which
are normally maintained include: iron fine concentration,
tramp oil concentration, emulsion stability, free fatty acid
content, viscosity, and pH. Recirculation and filtration
systems are utilized to keep contamination of the rolling
solution to a minimum, since contaminants like iron fines in
combination with tramp oils and free fatty acids, can result
in soot or stain formation during annealing (11,13,14).

To facilitate the production of clean steel, the
solution used on the last stand is kept separate from the
previous stands. This solution can be either an aqueous
solution containing very little lubricant, or a detergent
solution. The use of these solutions, coupled with the
practice of maximum "air blow-off" of excess rolling
solution after the last stand, reduces the amount of
residual oil film on the sheet product. Achieving as low an
oil residue as possible will result in its easier burn-off
in box annealing, and the production of clean steel,

C. The Anneal

By far, high surface carbon steel has its origins from
organic tandem rolling residues in combination with
annealing practices. Primarily, surface carbon on temper
rolled or finished steel can be related to one or more of
the following mill production processing parameters:

1) The amount of organic rolling residyes
surface after tandem rolling,
annealing.

left on the
Prior to bateh

2) The anneal atmosphere composition

a) HN composition (6 to 8% H_, bal
point -51°¢ <-605’F>). 2 ance Ny, dew
b) DX composition (11% H

1] 6" CO 1
CH,, balance N,, dew p8in 10% Co, o0,2%

t 9°C X ugCryy .

3) The anneal cycle
a) Soak time and temperatures.
b) Shelf time and temperatures,

In 1959 Grossman proposed that carbonaceouys
the steel surface were harmful to the corrosion
afforded by paint films, and that the breakdown
rolling oils on the surface during annealing was
likely source for this carbon contamination (2)
subsequent publication Grossman compared )
differences between tin plate and cold-rolleq
He related these differences to the low surf
found on the former material, to higher aZir?Zzzon el
levels found on the latter material. Tin plate st;:ifb?n
washed prior to annealing, a%d most tin plate 1S
continuously annealed to a 649 °C (1200°F) peak € 1s
temperature (pmt) in a protective H_-N atmosphere de;getai
to minimize carbon deposits. Exposing the entire sfnel
strip surface area to the reducing atmosphere. as well aee
uniform pmt, not only results in a more complete "burn ?ff
reaction of any residual organic surface matter but—gls
causes the metallurgical properties of the stee] gtrip o bo
more uniform. Automobile sheet steel, on the other hang .e
not washed prior to annealing, is batch annealed and‘ L9
annealed in a less expensive anneal atmosphere (i.;., a B;

residues on
protection
of tandem
the most
In a
prOdUCtion
steel (15,

atmosphere) which contains carbon-bearing 8ases.  Based

these observed production differences, Grossman conci od

steel mill processing methods can influence the amoungme?
0

surface carbon,
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In regard to tin plate production, it has been known for
a long time that in order to produce satisfactory tin plate,
it is necessary to clean the cold-reduced steel to remove
the lubricant used in cold reduction, This lubricant, if
Jeft on the steel, will decompose during annealing, and
leave undesirable residues of carbonaceous material on the

annealed product (16).

In a paper written in 1963 Burns and Minck described the
problem of carbon deposits during open coil annealing (17).
They found that any modification which tended to increase
the amount of atmosphere circulation through the coil, e.g.,
larger diameter separation wire, or attempts to remove the
oil from the coil surface before annealing, decreased the
frequency of "black spots" or carbon deposits, The
formation of carbon deposits appeared tc be a function of
the amount of carbonaceous matter on the coil before
annealing; the pattern of gas flow between the coil laps;
and the temperature lag between the top and bottom of the

charge during heating.

More recently, a number of workers have demonstrated
gualitatively and quantitatively, the effects of mill
processing parameters on surface carbon levels. Oles and
Perfetti showed that less surface carbon was produced on
coils annealed in an HN atmosphere than on coils annealed in
a DX atmosphere, and that electrolytically cleaning sheet
after tandem rolling prior to annealing resulted in low
surface carbon leyels (18). furface carbon values,
averaging 3.4 mg/m (0.32 mg/ft°) were observed on HN
annealeg steel at high temperatures from 704 to 710°C (1300
to 1310°F) for soak times of 20 to 30 hours, Coils annealed
under similar conditions, but using a DX atgosphere shoged
an average surface carbon value of 10.6 mg/m~ (1.0 mg/fto).
In addition, coils annealed in an HN atmosphere at a low
temperature from 638 to 671°C (1180 to 1240°F) for short
soak times of 8 to 12 hours2 had higher Smounts of surface
carbon, averaging 10.3 mg/m° (0.97 mg/ft®), than the high
temperature, longer soak time, HN anneal cycle, These
results demonstrate that in the HN atmosphere, higher
temperatures and longer soak times favor the removal of
carbonaceous matter present on the surface from the tandem

mill rolling operation.
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Oles and Perfetti also showed that ;
cleaning full-hard material prior to anneafiii?ﬁr;iytlcally
final surface carbon level, They found  that theuces the
carbon level after temper rolling for electrol tiyerage
cleaned steel was significantly lower than €Lat§ally
as-cold—rq}led steel, 2.2 vs. 3.9 mg/m (0.20 For
0.37 mg/ft"). Furthermore, the range of carbon vaiu o
the electrolytically cleaned coils was smaléer than thei for
the gs-cold-rolled coils, 0.8 to 5.7 mg/m“ vs, 0.2 5 for
mg/m- (0.08 to 0.54 mg/ft~ vs. (.02 to 0.75 m ?r823
indicating that these coils had a more uniform i ¢ )
response 1in terms of development of surface el
development. carbon

Oles and Perfetti conclude: 1) steel she 1 .
an HN atmosphere has less surface carbon than ZieignZi*ed o
in a DX atmosphere; 2) steel annealed in an HN atmosphnealed
a high temperature for a long socak time has Jless sir? a
carbon than steel annealed in an HN atmosphere at ;~ ;ce
temperature for a short soak time; and 3) electro) ov
cleaning sheet steel prior to annealing decreases the Z ytic
of surface carbon formed on the steel, indicating thagount
levels of surface contamination on the full-hard stee] flow
the tandem mill are conducive to low surface carbon 1a cer
after annealing. evels

Fisher, et al also demonstrated that the amount
surface residue on tandem rolled full-hard material ang o
annealing atmosphere have a strong bearing on the gy fthe
carbon level of temper rolled steel (13),. They ind; ace
that these surface residuals are a complex mixtur cave
residual pickle oil, tandem mill rolling oil, getersen
water, and metallic fines that originate during picklingent'
cold rolling. In a comparison between the surface cg ane
distribution result from DX and HN batch annealeqd Ssrbon
they showed that the use of an HN annealing atmos 261'
produces lower surface carbon values within a spal} rsnere
while a DX anneal atmosphere produces a wider range ge.
higher surface carbon values. For the DX anneal atmosé% of
as the amount of tandem rolling residue increases ezg,
percent of samples with high surface carbon incréas °
However, Fisher, et al states that when the amount S
surface carbon residue is low, satisfactory cleanlip o
levels are indeed obtainable with a DX gas, In pract‘ess
terms, Fisher, et al concludes that the low level of sur;Zal
residues before batch annealing permit either atmosphere ::
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be selected for annealing, but that when surface residues
are higher, it is advisable to use an HN atm. Based on ESCA
analysis, Fisher, et al shows that the major culprits are
amor phous and organic carbon from the breakdown of organic
residual rolling oils and/or the thermal dissociation of
carbon-bearing gases available at the steel surface during
batch annealing in the DX atmosphere,

Howkins and Bingaman in a recently published paper also
emphasize the importance of residual tandem rolling oil,
degree of cleanliness prior to batch annealing, anneal
atmosphere, and anneal cycle as the most important mill
processing parameters that affect surface carbon levels on
the finished steel (14). For their drawing qyality mAY
cycle, which has a socak temperature of 693 to 707 C (1280 to
1305 F), a comparison of HN anneal "A" cycle results to DX
annealed "A"™ cycle results showed a,decrease in the average
surface carbon from 6.8 to 1.9 mg/m~ (0.64 to 0.18 mg/ft™).
Furthermore, they demonstrated that the anneal cycle soak
time and temperature had a significant effect on surface
carbon. Using their standard CQ "C" cycle at a 677-690°C
(1250~1275°F) soak temperature in jnm HN anneal _atmosphere
produced an average of 6.8 mg/m- (0.64 mg/ft™) surface
carbon, By the addition of four hours to the calculated
soak and increasing the temperature to a range of 690-704
(1275 to 2300°F), the a&erage surface carbon decreased to
4.7 mg/m~ (0.44 mg/fL%). Adding eight hours to the
calculated soak and maintaining the same temperature2
decreased E;e average surface ‘carbon content to 2.4 mg/m

(0.22 mg/ft"™).

Howkins and Bingaman looked at the effect of cleaning
the cold reduced coils before sending them through the
anneal, They found that cleaning tandem rolled coils by
either alkaline spray cleaning, electrolytic cleaning, or
high current density electrolytic cleaning effectively
reduces surface carbon after annealing.

Howkins and Bingaman also discuss the form of carbon
present on the surface of HN and DX annealed steel. The
samples examined were from coils produced from the same
heat, hot-rolled, pickled, and cold reduced sequentially,
and were annealed using either DX or HN atmosphere. Using
ESCA, they report the surface carbon to be organic in nature
and not graphitic. Common to both the HN and DX annealed
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samples was a strong indication of th

hydrocarbon chain and an inorganic salt wh{lrxi;;iigfe of a
iron carboxylate, but in addition to these was evideed to be
number of oxygenated organic hyrocarbons present onlnce of a
DX annealed samples. They proposed that the formg;fn the
the oxygenated hydrocarbon is the result of the co on of
from the DX anneal atmosphere reacting with the and co
constituents and contributing to the surface S fac
contamination, carbon

At Inland it has long been known th

conditions and the amount of excesslive oil o:ttaggt; oo
steel have a significant effect on the surface cargn0119d
finished, temper rolled steel (19,20). In a more onet
study done by Coduti, surface carbon values Wwere obtairecent
HN and DX annealed temper rolled steel (5. The ned on
surface carbon valBes for the HN and DX anngaled Steefverage
1.8 and 2.1 mg/m° (0.17 and 0.30 mE/ft%), respectiyrc
Currently no DX annealing is done at Inland, The HN vely.
atmosphere used at Inland consists of 6-8% hydrogen Wizgneal
?alance being nitrogen. Hydrogen is manufactured on sf:ﬁ
r 3 P e 3 .

Ligge?atural gas and nitrogen is supplied by Plpeline from

Examination of anneal svcak times and temperatures

Inland have shown that these anneal parameters ha a
effect on the surface carbon of the finished siz fn
el,

Comparing a short low temperature arneal ¢ o]

cycle used for exposed automotive body ;;;:i'tow:i:;aﬁdard
long, high temperature _cycle, showeg an  average surﬂé .
carbon 1§ve1 of 6.7 m%/m (0.84 mg/ft%) for the former ace
?_9 mg/m- (0.27 mg/ft") for the latter. These resultg and
1q agreement with the work of others and show longer ars
times at higher temperatures produce steel With 1soa
surface carbon levels. ouer

Subsequent experiments were done at Inlan {
reduction, both chemically and physicalli,uggegﬁw the
surface carbon during annealing. In these experimentsgznlc
organic and non-organic surface carbon were determined 9th
the direct oxidation/CO, coulometer method. Laborator “rang
panels of full-hard sfeel, having exposed autobod ’ steay
specificatiq?s. and displaying an average of 27 4 Stee%
(2.63 mg/ft") organic surface carbon, and 1.3 mg/& Tg/m
mg/ft") amorphous surface carbon, were subjected o2
laboratory simulated low and high temperature anneal J111:
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in a nitrogen/5% hydrogen atmosphere using a- laboratory
preheat furnace in a glove box. The low temperature anneal
consisted of heating the test panels to a 593°C (1100°F)
pmt, and holding at this temperature for one minute, while
the high temperature anneal consisted of heating the test
panels to a 788°C (1450°F) pmt, and holding at this
tempegature for g;e minutg. After annealing both the 59300
(1100°F) and 788°C (1450 F) annealed test panels showed a
significant drop for the organic surface carbon, but the
amorphous surface carbon remained the same.” The 593°C
(1100°F) annealed samples showed average organic ang
amorphous surface carq?n levels to be 2,7 and 1.2 mg/g

(0.2% and 0.11 mg/ft°), respectively, while the 788°C
(1450°F) annealed test panels showed the average organic ana
amor phous surface carbgn levels to be 1.8 and 1.1 mg/m

(0.16 and 0.10 mg/ft%), respectively. This experiment
demonstrates that in an HN anneal atmosphere, as the anneal
temperature increases, the total surface carbon decrease,
This decrease is due to the volatilization and/or reduction
of the organic portion of the surface carbon.

In regard to anneal practices, the following anneal
parameters appear to be important for the production of

clean steel:

tD) Low organic residues on the steel surface prior to
annealing;

2) Use of an HN atmosphere;

3) Use of one or more anneal shelf temperatures to
assure complete burn-off of residual rolling oils;

4) Longer soak times, at higher peak metal
temperatures,

D. THE TEMPER MILL

The temper mill serves to impart the desired surface
finish, improve flatness, and help achieve the desired
metallurgical properties of the final steel product. In
many steel mills, it is common practice to use water soluble
lubricants on the temper mill where steel coils receive a
very light reduction to obtain accurate thickness and good
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shape. Since temper rolling solutions are water soluble
they are easily removable by simple cleaning N’
indications in the literature or elsewhere have beeg fo 3
to indicate that wet temper rolling solutions pose a prob¥n
with regard to surface cleanliness. In order to veri?m
these observations, an experiment was conducted at Inlang ty
determine the effect of temper rolling on surface carb °
The surface carbon level was measured on very clean stoni
before and after temper rolling. The average surfac ’carge
beforg temper rolling was fcound to be %_9 mg/m% (0 gn
mg/ft®), and after temper rolling 1.1 mg/m“ (0.10 mg/ft2 S
These results demonstrate that there is no contribution )}
surface carbon due to wet temper rolling. °

E. Oiling the Temper Rolled Steel

Prior to shipping the steel to a customer, the steel ig
coated with a rust preventive cil, usually on an inspectio
or side-trim line, to protect the steel from rusting whiln
it is in transit, or being stored. HRust preventative 0112
can be a source of surface carbon if not properl
formylated. These oils usually consist of a mineral oi{
carrier, an organic polar corrosion inhibitor, and an
antioxidant to prevent the oxidative breakdown of the
organic constituents in the oil. The lack of an antioxidant
can lead to the formation of polymerized hydrocarbon chains
which subsequently form stains and lacquer, as well a;
9rganic acids which promote corrosion (21), Surface
imperfections of this type are extremely difficult to remove
and can be a significant contributor to high surface carbon
levels. Properly formulated rust preventative oils can be
kept on the steel surface for long periods of time, without
oxidation occurring, and can e still removed with normal
cleaning operations. Oxidation stability tests conducted on
Inland's rust preventative oil, show that this material ig
Tgi;gi?ted by oxidation for up to three months, and probably
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1V, THE SURFACE CHEMISTRY OF FINISHED STEEL

A. Surface Carbon

The Ford Motor Co. has specified that surface carbon on
cold-rolled steel destined to be used fgr exposed autgmotive
applications shall not exceed 6.9 mg/m” (0.65 mg/ft") when
ana1¥zed by the HCl swab/Leco 46 method (3). Above 6.9
mg/m° (0.65 mg/ft°), the surface carbon becomes detrimental
to the corrosion resistance affe;ded by automgtive paint
systems, whereas below 6.9 mg/m (0.65 mg/ft™), surface
carbon has little or no effect on corrosion performance of
painted steel., Corrosion testing is done according to the
ASTM B117 salt spray test. Using these methods of analysis
and testing, similar results were reported by Coduti (5).

Correlations between quantitative surface carbon
analysis obtained by either the direct oxidation/CO
coulometer method, or the TEA method, to the corrosiog
performance of painted steel have alsc been reported.
Coduti showed that with the direct oxidation/CO_ coulometer
method, test panels painted %}th automoti%; pafnt systems,
and having less than 9.5 mg/m~ (0.90 mg/ft"™) surface carbon
consistently passed accelerated salt spray corrosion testing
whereas paigted test panels having greater than 9.5 mg/m
(0.90 mg/ft°) carbon consistently failed the corrosion test
(8). Furthermore, Coduti showed that over 95 percent of
Inland's cold-rolled steel used gor ex posed %ytomotive
application is below the 9.5 mg/m“ (0.90 mg/ft") cut-off
value as obtained by thg direct oxﬁgation/co coulometer
method, or below 6.9 mg/m“ (0.65 mg/ft") cut—of@ obtained by
the Ford HC1 swab/Leco U6 method of analysis.

Wojtkowiak and Bender using TEA showed that a set of
test paneés displaying Qn average organic surface carbon of
7.2 mg/m~ (0.68 mg/ft”), consistently passed salt spray
testing after painting, while a set of test panels
displaying fn average organic surface carbon of 9.6 mg/m
(0.91 mg/ft%), consistently failed salt spray testing in the

painted state (9).
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B. Surface Chemistry Analysis

Utilizing ion scattering spectroscopy (ISS), secondar
y

ion mass spectrometry (SIMS) and auger
’ elec
spectroscopy (AES), representative low and hign sur;ron
carbon samples were examined. The results gof th:ge
e

examinations are presented in this section.

1. lon Scattering Spectroscopy

Figure 2 shows the side by side comparison of 1SS
spectra of low and high surface carbon alkaline cle
cold-rolled steel surfaces using -“He at 2000 eV as a::d
sputtering beam. Shown in this figure are five scans f ;
each sample representing the first five Minutes O;
sputtering. The depth to which the surfaces were sputte od
during this time period was approximately 100 X. For E:
low surface carbon sample, the first scan was .amplifieq ¢t ;
times over the four subsequent scans, &and shows g sm T?
carbon peak. After the second stan, the carbon pegk iga .
longer discernible, indicating that very little carbop no
present on its surface. For the high surface carbon sam ’15
a strong and persistent carbon peax is observed for all ?fe.
scans shown., Carbon was still detectable after yg minuéve
of sputtering on this surface, indicating a significantfs
thick surface carbon layer to be present on the surface g
the high surface carbon sample. Both the iron apg oX 0
peaks increase in intensity during depth profiling thrggeg
the first 100 A. The observed calcium is a residual r &
the alkaline cleaner solution or rinse water, srom

2. Auger Electron 3pectroscopy

Figure 3 shows the side by side comparison of AES
spectra of low and high surface carbon, alkaline cleanegd
cold-rolled steel surfaces afler four minutes sputterip et
1 kV with an argon beam. The most salient diff‘erina
between these two spectra is the strong carbon peak on tge
high surface carbon steel, and the very small carbon eak ¢
the low surface carbon steel. peax on



SCAN T

DEPIH
20h

100A
SCANS 2-5 4
304

C
SCAN S
SCAN 4 DEPTIH
°
SCAN 3 "
°

so A
SCAN 2
SCAN 1 i
40 A
o
304
.
104
L L L 1 . y :
0.3 o4 °.5 0.6 °.7 o °°

FIGURE 2 10N SCATTERING SPECTRA OF a) LOW
SURFACE CARBON STEEL AND b) HIGH SURFACE

CARBON STEEL

ranpoy 71 dITITYd / 9L

1
an I x""‘“ l'/“"'v"_‘u_“! {{;’IS' )r) ‘
= 3 J\“\ ~ o’ }K""‘Z} [

I
I 5
' !
." ——— -
' ! L
i ©
fo
AN S :
° 200 YT It-rebs

ELECTRON ENERGY {oV]

A
a
o

P Yo—

I
"ln

i
e VS S !

——
200 teoe 100 :
100 o

s00  s00
ELFCT2ONM ENERG T laVv}

FIGURE 3 aucer specrra OFf a) LOW SURFACE

CARBON

STEEL AND b) HIGH SURFACE CARBON STEEL

1000

L



78 / Phillip L. Coduti

Figure 4 shows the side by side AES sputter profiles of
the alkaline cleaned cold-rolled steel surfaces which
exhibited low and high surface carbon values. The sputter
profile behavior is basically the same for all elements
except carbon, For the surface which had low surface
carbon, the carbon profile dropped rapidly. However, in the
case of the high surface carbon sample, the carbon profile
persisted at a relatively high intensity throughout the

entire duration of sputtering.

3, Secondary Ion Mass Spectrometry

Figure 5 shows SIMS spectra of low surface carbon steel
during the first miBBte of sputtering and after five minutes
of sputtering with Ne The predominant difference between
these two spectra is in the carbon and hydrocarbon fragment
peaks which occur at 12 to 15 atomic mass units (amu).
These hydrocarbon fragments originate from organic residues
on the surface. The initial scan shows the presence of
these fragments. The scan after five minutes of sputtering
shows no hydrocarbon fragments, indicating the organic
surface layer to be very thin on this low surface carbon

sample.

Figure 6 shows SIMS spectra of high surface carbon steel
during the first miBBte of sputtering and after five minutes
of sputtering with “"Ne. The intensities of the hydrocarbon
fragments are much greater on this high surface carbon
sample than for the low surface carbon sample described
above, These hydrocarbon fragments are still discernible
after five minutes of sputtering, indicating that the
organic surface layer is thicker on the high surface carbon

steel,

Focusing specifically on the 11 to 17 amu range, SIMS
depth profiles of the species which occur in this range were
obtained for both the low and high surface carbon steel
samples by monitoring the change in the peak intensity
versus sputtering time during the first winute of
sputtering, as shown in Figure 7. . This type of depth
profile dramatically reveals the difference in organic film
thickness between low and high surface carbon steel. At one
minute sputtering time, hydrocarbon fragments are barely
detectable on the low surface carbon steel, whereas
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hydrocarbon fragments were stil] detectable on py h
carbon steel after 20 minutes Sputtering. 80 surface
All high surface carbon samples as determipe
AES, and SIMS failed salt spray testing in the
and painted state, whereas the lcw surface carpg
after phosphating and painting, gsassed the salt sp

d by 1ss,

ray test,

V. SURFACE CARBON EFFECTS
PRETREATMENT AND THE CORROSIGH

ON THE ZINC PHOSPHATE
F2RMANCE OF PAINTED STEEL

Numerous papers have been
vears describing the poor
surface carbon, zinc phosro
steel. In this section, this
effect of surface carbon on
and on the subseguent corps
by the ASTM B117 salt

itten during the 1
~efen Performance of hign
pretreate int
pretrea d, and Palnted
Wil J€ revieweqd and the

Phosphate Pretreatment
Led - ed

| 20t Steel whaep testeq
Wil obhe discussed.

ast four

o

nooaddition to showd
carbon level, and the
panels, 53 descricec
surfzce zarbon has an
morphology and zinc g
as revealed by scanning
in Figure 8 (5), '
coating of high s
being initiation s
would subsequently
Jrilizing ISS, SIMS,
Coduti showed elemen:
steel surfaces, Tos ics of elementa]
peak intensities as & alg ' tering depth was
consistent among these methoos, e O, Mg, s, c1, Ca, o
and Mn peaks all decreased in tensity with SPUttering'
whereas the O and Fe psaks incressed in magnitude, Focusin'
specifically on carbon, AES ang 2:Im3 revealed the DreSencg
of organic carbon in the Yppermost monolayers of the steel]
surface. A correlation betweesn oather elements

corrosion perfermance o painted GLest panels was net foun

between surface
Mmahce of painteq test
o azso‘showed that high
toon }n& zinc phosphate
Hge 0f the stee) Surface
YRCOPY (SEM) | ang shown
;? the  zine Phesphate
| 2l were attributed as
fnhie ru?;‘ formation, which
i R delamination.
: = chomistry 2nalysig
2Nt on cold—rolleé

and the
d.

In a subseqguent publication, Coduti €Xamined the
relationship of surface cleanliness and Surface chemistry tg
the corrosion performance of painted high Strength 1oy alloy
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FIGURE 8 stm PHOTOMICROGRAPHS AT 3000 x
COMPARING ZINC PHOSPHATE MORPHOLOGY ON

a) LOW SURFACE CARBON STEEL AND b) HIGH
SURFACE CARBON STEEL

steels for exposed automotive applications (8) H
a correlation between surface carbon (using .bots found 1)
swab/Leco 46 method, and direct oxidation/Co the Hc)
method) and the corrosion performance of panels Joulometer
chventional spray and dip automotive paint syst:inted with
zinc phosphate morphology to be marginal on hinﬁ' 2) the
carbon steel, but good on low surface carbon Stegl Surface
no salt spray failures for cathodic electrocogl » and 3)
samples, indicating that this paint provided { Painted
corrosion protection for the higher surface Carbncreased
which had the marginal quality zinc phoSphate coat~on Steel
results of this study are summarized in Table 1, ing. The

In regard tc surface carbon analysis
developed at Inland Steel Heseircg ab$8t2z2 ha; been
quantitatively differ=ntisting organic surface carl;tl for
non-organic surface carbon, using the direct oxid t?n from
coulometer instrumernt. Using <wo combustion fuf 1on/co
series, one set at 50%¢ {5307F) snd the oth naces %n
(1112°F), it was i : ‘ crganic sumracy . 000°C
reacts in the hSOOC ﬂ{bE.F} he cne ugualliyrff§;_08i§on
minutes. After the srganic carbon is reactln e
steel sample is wmovec inte the £u07C (11120F) he Fd' the
allowing the non-crganic surfs carbon to reactau Zine'
non-organic surface carbon was id to be amorphouS' ‘his
than graphitic carton, as determined by X-ray diff rat@er
analysis, on both low and high surface carbon steels FaCF1on
2 shows the average (x) and standard deviation (s)- Table
for both organic and amorphous surface carbon on areSU1tS
low and high surface carbon, alkaline cleaned colg o r
steel samples. These results show that the predomina_FOIIQG
of surface carbon on both low and high surface earbo:tsggr?

e

is organic carbon.

It was also found that surface organi
Qetermined on zinc phoshate coated st(g?el.C iiEZOZOEEPId ?e
inorganic, and does noﬁ contribute to surface carbon 1;3 3
3 shows the average (x) and standard deviation (s). aole
for both organic and amorphous surface carbon on a e Ls
low and high surface carbon, alkaline cleaneq an;et'Of
phosphate pretreated cold-rolled steel samples “ine
results show that 1) the zinc phosphate pretreatﬁentThese
not interfere with surface carbon analysis, 2) arfte d?es
phosphate pretreating, low surface carbon steel is stiqlzlne
surface carbon steel, and high surface carbon stee] is stiiy



surface Carbon Results

Table 1. Summary of Surface Carbon and Salt Spray Results

of Painted HSLA Cold-Rolled Steel

Salt Spray Exposure Results

r3npo) 7 dITTINd |/ 96

Surface
Carbon Total
Surface Carbon Level No. of Spray Primer Three Coat System Cathodic Electrocoat
Analysis Method Sgg/ftzz* Samples for 240 hours for 336 hours for 240 and 480 hrs
Pass Fail ¥Fail ©Pass ~Fail ZXFail Pass Fail ZFail
HC1 Swab/ < 0.40 54 51 3 6 51 3 6 54 " 0
Leco 46 > 0.40 6 2 4 66 2 4 66 6 4] 0
Direct Oxidation/ < 0.9 57 53 4 7 53 4 7 57 0 0
co, Coulometer > 0.%0 3 0 3 100 0 3 100 3 [¢] 0
* Multiply mg/ft? by 10.6 to convert to wg/ml.
Table 2. Organic and Amorphous Surface Carbon
on Alkaline Cleaned Steel Samples
o Azerage Average .
r *
Sample gaZtcéggzgon Amorphous Carbon* Average
5 _ at 600°C Total Carbon*
X s "x‘
s
Low Surface
Carbon S
n Steel 10 0.68 0.11 0.14 0.04
0.82
High Surface
Carbon Steel 10
2.34 0.37 0.32 0.04 2.66

* Units 1in mg/ft2.

Multiply mg/ft2 by 10.9 to convert to mg/mz.

48
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Organic and Amorphous Surface Carbon

Table 3.

on Alkaline Cleaned and Zinc Phosphate

Pretreated Steel Samples

Average
Amorphous Carbon¥*

Average
Organic Carbon#*

Average
Total Carbon*

at 600°C

at 450°C

Sample

Low Surface

0.65

0.02

0.17

0.11

10 0.48

Carbon Steel

High Surface

2.17

0.06

0.48

0.17

10 1.69

Carbon Steel

% Units in mg/ftz. Multiply mg/ft2 by 10.9 to comvert to ng/m?.
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high surface carbon steel, i.e,, the zinc ph

alter the surface carbon level, 3) orgaiizsisi:eiggis n?t
surface carbon can be differentiated on zinc phosgggtc
pretreated steel, and 4) the predominant form of surface
carbon on both low and high surface carbon steel is Organi:

carbon, The ten low and ten high surface i
carbon zi

phosphated samples were painted with an automotive spr-::C

primer, and salt spray tested. All low surface carbo:

panels passed the salt spray test, while all hi

e ' igh surf
carbon panels failed the salt spray test, These resuii:
show that a high organic surface carbon level is detrimental
to the corrosion protection afforded by this paint system

Slane, et al, in a paper describing the characterizati
of good and poor paintability, batch annealed cold-rollzg
steel showed from Auger results that steel samples whi
exhibited poor painted corrosion resistance had high surfaCh
carbon, while samples which exhibited good painted eorrosige
resistance had low surface carbon (22). No correlation wag
found between painted corrosion resistance and surfac
concentration with any other element. X-ray diffractioz
analysis revealed the absence of graphitic type carbon 0
the surface of good and poor samples, From electro:
spectroscopy for chemical analysis (ESCA) all specimens
produced a C1s peak with a binding energy in the 284 9 to
285.2 eV range, indicating that the majority of carbén on
the surface of these samples was organic, Their results
indicate that a non-graphitic surface contaminant is
associated with the wunderfilm corrosion on painted
cold-rolled steel samples, and the origin of this organic
contaminant may be from the rust preventative oil or
partially decomposed rolling oil.

Wojtkowiak and Bender found a high correlation between
the amount of corrosion on zinc phosphated and painted Steel
substrates, to the amount of organic carbon present on the
surface (23). AES and ESCA performed on alkaline cleaned
bare steel revealed a low amount of surface carbon on the
steel surface which gave good corrosion resistance, and a
high amount of carbon on the steel surface which gave poor
corrosion resistance. Wojtkowiak and Bender also examined
the relationship of the phosphate coating weight and
phosphate porosity to the corrosion performance of painted
steel. A slight but definite correlation was found between
phosphate coating welght and corrosion performance, In
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regard to the phosphate porosity, they incorporated the
Ferroltest which consists of dipping filter paper into an
aqueous potassium ferricyanide solution and applying it to
the phosphated steel surface (24). The appearance of blue
spots on the filter paper indicates pores or discontinuities
in the phosphate layer. The Ferrotest was successful in
predicting the ultimate salt spray corrosion performance of
painted steel. From this they describe that a minimum
phosphate coating weight must be achieved to obtain good
corrosion resistance, but that phosphate coating density is
still the most important criteria.

In conclusion, Wojtkowiak and Bender state that the
organic surface carbon in some way inhibits the formation of
the phosphate coating, and that the prevention of the
formation of this carbon film or its removal prior to
phosphating is paramount in the formation of zinc phosphate

coatings.

In a subsequent publication, Wojtkowiak and Bender
describe infrared (IR), TEA, AES, SIMS, and ISS results of
high and low surface carbon steel, and the corrosion
performance of this steel in the painted state (9). IR
analysis showed that the nature of the carbon contamination
was Organic, AES, SIMS, and ISS results corroborated the
TEA results, i.e., more surface carbon on samples which
failed corrosion testing than on samples which passed
corrosSion testing. Also, the results obtained from AES,
SIMS and ISS confirmed the presence of varying amounts of
other elements on the surface which did not correlate with

the corrosion properties of the steel.

Hospadaruk, et al, Zurilla and Hospadaruk, and Zurilla
have shown the effects of steel surface carbonaceous
deposits, and the porosity level of zinc phosphate coating
on the delamination of paint systems in accelerated salt
spray corrosion testing (4,25,26). Their original AES work
showed that the greater the amount of surface carbon, the
shorter time to failure would occur for painted steel test
samples placed in the salt fog chamber. Furthermore, they
also found that the salt spray performance did not correlate
with any other impurities detected by AES. A high degree of
surface carbon was found to increase the apparent porosity
of the zinc phosphate coating. Zurilla and Hospadaruk
describe in detail an electrochemical polarization method
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they developed to measure the phos hate po i

electrochemical method is basez o:)the ;;fgﬁ?;f;(ff)g This
porous phosphate coating, oxygen will be reduceda for a
cathodically active surface (uncoated steel), but not o ohe
inactive surface (phosphated area), and that the m on the
of the current will be a relative measure of theagniggde
porosity. Using this method they showed typical coating
reduction current potential curves for phosphated S ygen
having different salt spray performance, These Steel
showed that the oxygen reduction current increases e
salt spray performance decreases, which indicates g3 iﬁ the
porosity level for phosphated steels having poorer oo lgber
resistance, than for steels having good rrosion
resistance, corrosion

They conclude that carbonaceous de i
adversely affect the salt spray perfor%??ittsofon §tee1
steel, with a strong correlation between the amopalnted
surface carbon and time to salt spray failure unt of
carbonaceous residues, formed during the steef k?he
process, interfere with the depcsition of an effecti o i
phosphate coating. The poorer performance of a ve.zinc
steel with a high surface carbon is attributagilnted
excessive porosity in the phoshate coating. ¢ to

lezzi and Leidheiser also conducted studi :
the cold-rolled steel surface characteristiczs:ﬁ;:etermlne
paint adhesion and corrosion resistance (en. Compam‘_com:rOl
AES data for good and poor samples, as measured bfon of
corrosion performance of painted steel test panels ;; che
that carbon is present at the surface in signi}i owed
greater amounts on the poor samples, as compared t;antly
samples. Scanning AES elemental mapping of alkaline cl g
sampl?s showed a high level of carbon present in di S
localized areas on samples with poor paint perforscrete
Samples with good paint performance showed less c:agce'
which was also more uniformly distributed op the ;ton,
surface, Elemental AES mapping of zinc phosphated sa o
with poor paint performance showed lower zinc and phos Eples
levels at high carbon areas on the steel surface an§ ot
versa for low surface carbon steels, indicating that sur;ice
carbon impedes the formation of =zinc Phosphate dy ‘e
prgtreatment. Using ESCA, the carbon was identifiedrlng
being a combination of amorphous and organic. Trac o
other elements detected on the surface were not consieds o
to be significant in the paint delamination process, ered
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Jezzi and Leidheiser examined the zinc phosphate
porosity using the Ferrotest and SEM. Both methods showed
that samples with good paint performance nearly always had
low pretreatment porosity, whereas those with poor paint

performance nearly always had high porosity. They -
concluded:
1) Surface contamination, mainly carbon, 1is an

important factor in the variable paint performance
observed. -

2) The carbon probably originates during annealing
from breakdown of rolling oils left on the steel
surface prior to annealing and from thermal
dissociation of carbon monoxide available at the

steel surface,

3) Material with low surface contamination has a
combination of higher steel surface electrochemical
reactivity and a larger surface area available for
zinc phosphate nucleation than material with high
surface contamination. This combination results in
nearly complete zinec phosphate coverage with low
porosity and good adhesion to the steel surface.

VI. MECHANISMS OF PAINT ADHESION FAILURE

The current mechanism used to describe the mode of paint
delamination involves electrochemical reactions of the steel
surface with water and oxygen. Both water and oxygen
permeate the paint film, and react with any portion of the
steel surface not covered with the zinc phosphate coating,
These reactions occur especially with high surface carbon
steel, which is known to have a porous zinc phosphate
coating. Cathodically generated hydroxyl ions are formed,
and induce saponification of ester linkages in the paint
resin, resulting in paint film degradation and de-adhesion
from the metal surface. (4,26,27).

In this cathodic delamination corrosion mechanism, Iezzi
and Leidheiser state that the rusting in the scribe is
evidence that the scribe becomes the anode of an
electrochemical corrosion cell and that the area away from
the scribe (delaminate zone) is the cathode of that cell
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(27). Anodic dissolution of the i
e iron occurs at th
€ scribe

and cathodic reduction occurs under th i
e pai
to the following reactions: Paint fiim according
Anodic dissolution: Fe —-» Fe*t 2e”
Cathodic reduction: -
. O2 + le + 2H2o - 4oy~
In accordance with the cathodic
_ reduction
hydroxyl iocns formed at the cathode raise E;:Cti}qon' the
pH, The

alkaline conditions thus created destroy the
bond and cause paint delamination. Rusting of
does not occur under the delaminated paint
alkaline solution produced their protects tr'le

corrosion. Using pH paper Iezzi and Leidhei ser dmetal from
tk_lat the cathodic reduction region showed a py Sonstrateq
high enough to induce degradation of the griof 11 or 12,
Tezzi and Leidheiser conclude that the materimler Joating.
sgrface carbon fails much more rapidly than ih With high
w%th low surface carbon because of the weaker be raterial
z.1nc phosphate pretreatment layer to the supst ond of the
higher oxygen and moisture availability to the Sr'ta'ce and the
from incomplete coverage of the =zine phospheEI Sur face
Oxygen and moisture penetration to the steel sur?te layer.,
the cathodic delamination reactions to occur oce allows
paint failure, ond accelerate

Coating System
the substraye
because the

Hospadaruk, et al and Zurilla also
r'nechanism and attribute the undercuttingple;se:; the same
lons is due to the saponification of the rea :' hydroxyy
groups present in some primer paint resins (uczgve ester
state that steel covered by the undermined pai' t).' They
temporarily protected by the high pH electrolyten film ig
paint is lifted or broken off, the pH of the e]any. ¢ the
lowered, by salt solutions, to more neutral valectrOlyte 1s
newly exposed metal begins to corrode. Thys cuis and the
induced adhesion failure of paints is an impor"(,a : hodicauy
to the unrestricted corrosion of the metal, "t precursop

. Hospadaruk, et al also showed that a gignses
improvement in the corrosion performance of the l-gnlflcant
surface carbon steel was achieved with the uspalnted high
which is relatively insensitive to alkaline u:d o Primer
Cat'hodic electrocoat primer paint, containin Sroutting,
resistant resins have shown corresponding 1nsen:itif,li(ta;line
Yy to
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the steel surface carbon. Hospadaruk, et al warn, however,
that while salt spray tests of cathodic electrocoat indicate
that the carbonaceous contamination is less deleterious to
undercutting at scribe 1line, steel surfaces contaminated
with carbon do exert a strong influence upon the tendency
for the formation of rust filled blisters, with both

cathodic and anodic electrocoats.

Hammond, et al, using ESCA, studied the mechanism by
which corrosion generated hydroxyl ions disrupt paint
adhesion to steel (28). Their study showed that a
significant pathway for adhesion loss of an epoxy ester
primer applied directly to steel substrates 1is by the
saponification of the primer resin adjacent to the
coating/steel interface by corrosion-produced hydroxyl ion.
In a follow-up study, Holubka, et al investigated the effect
of a zinc phosphate conversion coating on the interfacial
chemistry for the epoxy-ester based resin, and found
evidence again of paint resin degradation by ester
saponification (29).

VII. CONCLUSION

Surface carbon is the dominating contaminant on steel
surfaces. It interferes with the corrosion protection
provided by paint. Instrumentation used for qualitative and
semi-quantitative determinations of surface carbon include:
ISS, AES, and SIMS. Quantitative measurement techniques
are: the HCl swab/Leco 46 combustion method, the direct
oxidation/CO, coulometer method, and TEA. X-ray diffraction
analysis on2 steel surface carbon revealed an amorphous
rather than crystalline (i.e., graphitic) form of carbon.
The direct oxidation/CO_ coulometer method gquantitates both
organic and amorphous f%rms of carbon on either bare steel
or zinc phosphated steel, Both organic and amorphous carbon
are found on the steel surface. Organic carbon is the most
prevalent form of carbon on low as well as high surface
carbon steel.

Surface carbon on steel has its origin from organic
tandem rolling residues in combination with annealing
practices. High organic rolling oil residues coupled with
low temperature anneal cycles in a DX anneal atmosphere, are
the primary steel mill processing parameters which
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contribute to high surface carbon. O0ili i

pickle line and temper mill can be ;lliuiziCt;::S at the
carbon. The temper mill itself does not contribsurrace
surface carbon, Low surface carbon steel can be achj ute Lo
1)_keeping the organic oil residue on tandem r0111eved oy
prior to annealing to a minimum, 2) using longer anzd §teel
pmt anneal cycles, and 3) using an HN anneal atmospherglgher

Excessive levels of surface carbon ;
phosphate pretreatment coverage to be inc0mp§:€252n;he zine
A surface carbon level above a critica) thre hporouS.
detrimental to the corrosion protection afforded s °ld~
The mechanism of paint failure involves electr ! pa%nt.
reactions of the steel surface with water and ox ochemical
water and oxygen permeate the paint film, and reaiien: Poth
non-zine phosphated portion of the steel swlth any
Cathodically generated hydroxyl ions are formed a duﬁface'
Saponification of ester linkages in the painz ‘nduce
resulting in paint film degradation.

is

resin,
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QUESTIONS AND ANSWERS

Dr. J. K. Blundell, University of Missouri - Is the
reduction of surface carbon during annealing merely
dependent upon the quantity of heat applied to the surface?
From the production aspect, it would be beneficlal to
minimize soak times, whilst optimizing the annealing
temperature. If so, which of the two variables -- soak time
or annealing temperature -~ 1s the most significant in
organic carbon reduction? .

The rate of volatilization and the rate of chemical
reaction increases as the temperature increases. Therefore
annealing temperature is primarily responsible for the
reduction of organic surface carbon during annealing.
However, increasing the anneal temperature too rapidly can
cause the surface organic carbon to char, rather than
volatilize or become reduced by its reaction with the anneal
reducing atmosphere. Because of this, a delicate balance
between rate of heat-up, soak temperature, soak time, and
mass of steel present, must be achlieved in order to reduce
the surface organic carbon during the anneal process,

Dr. F. M. Kilbane, Armco, Inc., - Would you comment on
the Volvo paper presented last year at the NACE meeting.
The paper showed an excellent correlation between surface
carbon and poor salt spray results but no correlation
between surface carbon and poor road results or poor scab
test results.
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p:nels. The salt spray test has been criticized from th
standpoint that it does not represent actual £y 1e
performance. The scab corrosion test was developed for ihd
Szzggsi of ‘having an accelerated laboratory corrosion tes:
S a more accurate predictor of fleld
erf
Currently, scab corrosion testing is being condsiteénfﬁng:;

laboratory, on low
panels. and high surface carbon, painted test

Dr, Vincent Leroy, Centre de Recherches
Increasing Soaking temperature and times redrzzslé::gi =t
carbon, What is the influence of high temperature anorganic
on graphite formation? Could you relate this pointnfaling
casting process used (rimmed or fully-killed LD steel)?o the

Using X-ray diffraction anal
ysis, we have not d
any graphite on steel produced in our'mill which is u::gcged
e:posed automotive applications, All steel examined in th?r
study was low carbon, strand-cast and aluminum-killed °

. .Mr. James W. MacKeith, U. S. Steel Corporation - You
nd;cated that wet temper rolling does not adversely affect
carbon levels, Is there any indication that wet temzzr

rolling may positively affect
surface carbon?
temper rolling have any cleaning effect? Poes et

As indicated in my presentation
literature or elsewhere have been foJ:; :ifegﬁgseihi: i
temper rolling poses a problem with regard to ;irfwet
flganliness. Similarly, no references have been foundage
ndicate that wet temper rolling has a cleaning eff o
Experiments conducted at Inland, where surface carbd fras
Tﬁaiur:: before and after wet temper rolling demongzla:::
a €re was no contribution y
negatively, to surface carbon du;)t; ﬁifiiﬁpé?aitiiI:;y °r
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Dr. Nagel Soepenberg, Estel Hoogovens BY - As to steel
prod Uction parameters: 1) For the steel you examined, what
was 1ts composition, and type of casting? 2) How do rolling
0il comporients affect the type and amount of surface carbon?
Does the composition of the lubricant as a whole determine
the corrosion behavior in the salt spray after phosphating
and painting? 3) Are you sure that HNX is significantly
better than DX gas during annealing? 4) As to phosphate
morphology, did you spray phosphate or dip phosphate?

1. The steel used in this study was a low carbon,
strand-cast, aluminum-killed composition, typically
containing 0.06% C, 0.28% Mn, 0.015% P, 0.018% S,
and 0.01% Si,

2. Both the composition, as well as quantity of
lubricant remaining on the steel surface after cold
reduction, and prior to annealing, have an
influence on the surface carbon level of temper
rolled steel. The composition of the 1lubricant
applied during the cold reduction process should
consist of olls which easily volatilize and/or are
reduced by the anneal atmosphere during annealing.
The amount of 1lubricant remaining on the surface
prior to anneal should be as low as possible to
assure complete burn-off during annealing.

Rust preventative oils, applied to temper-rolled
steel, to protect the steel from rusting while it
is in transit or being stored, can be a source of
surface carbon if not properly formulated. These
oils usually consist of a mineral oll carrier, an
organic polar corrosion inhibitor, and an
anti-oxidant to prevent the oxidative breakdown of
the organic constituents in the oil. The lack of
an antioxidant can lead to the formulation of
polymerized hydrocarbon chains, and other
degradation products, which are difficult to remove
prior to painting, and also influence the salt
spray corrosion performance of the painted sample.
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carbon content of painted panels and thus determine

3. A comparison of the surface carb

results from DX and HNX batch anneafzz gé::;iDUtion
that the use of an HNX annealing ' Shows
produces lower surface carbon values within a s

range, while a DX anneal atmosphere produces a mfll
range of higher surface carbon values, Ei:hde
atmosphere will give acceptable surface o
values, {f the surface carbon before annealin

very low, For a direct comparison, the ave8 »
surface carbon level 1is always higher rorage
annealed steel than for HNX annealed Steel, roRX

atmosphere

carbon

4, The zinc phosphate pretreatment
con
Oxy-Metal Industries' Bonderite NO/ParéZﬁZE:d 60f
and was spray applied to the steel test panels SA
Oxy-Metal Industries in Morenci, Michigan y

Mr. Robin Stevenson, General Motors Research

Laboratories - Would it be possible to analyze the surface
carbon content of panels subjected to field services S;rﬁace
in mind sputtering off the paint and then analyzing u TVe
Auger, SIMS or ISS. g using

The ion beam currents used in the techniqu
are so low (in the order of nanoamps), thatqa:; g::e$62:ion
sputter through a top coat paint film, primer paintpfilto
and the chemical pretreatment in order to expose the surf ce
carbon on the steel surface, would be impractical, ir o
impossible, because the sputter rate is so low ‘ Thnot
techniques are most useful for examining the Lp er sse
atomic monclayers of surfaces, and are not lntenZ dmOSt
sputter through "thick" layers of paint, ed to
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