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EXECUTIVE SUMMARY 

This report summarizes the work done under Project E - Phase Measurement 
of Galvanneal of the “Advanced Process Control Program” for the steel industry, a cost- 
shared program sponsored by the U.S. Department of Energy (DOE) and the American 
Iron and Steel Institute (AISI). Galvannealing is a process wherein steel is coated with a 
mixture of zinc and iron and yields steel sheet with superior weldability and paintability 
characteristics. It has been recognized empirically that the coating’s spatial distribution of 
certain metallurgical phase of zinc and iron dictates the preferred galvanneal properties. 
Accordingly, the objective of this project was to develop an on-line instrument employing 
X-ray fluorescence and software analytical techniques for continuous, rapid, non- 
destructive, and accurate measurement of the galvanneal phase distribution (i.e., the relative 
thickness of the coating’s three principal metallurgical phases). Such an instrument is an 
indispensable ingredient of an on-line feedback system for controlling the properties of 
galvannealed steel. 

The project team consisted of Inland Steel Company and Stelco, Inc., as the 
primary steel companies, the Jet Propulsion Laboratoiy (JPL) of Caltech, and Data 
Measurement Corporation (DMC, now Radiometiy). Bethlehem Steel, Dofasco, LTV 
Steel, and Weirton Steel also made valuable technical contributions to the project. By 
systematically vaying operating conditions, substrate thickness and coating mass, Inland 
Steel produced on its pilot coating facility over a hundred galvannealed samples, whose 
properties encompassed all the combinations deemed commercially valuable. JPL 
conducted laboratory measurements of the phase distribution of the Inland-produced 
samples. JPL’s measurement process consisted of direct mechanical scale-alignment with 
an optical photomicrograph (magnified a thousand fold) of a smile cross-section after the 
sample had been etched to delineate and visualize the boundaiies of the galvanneal phases. 
DMC non-destructively measured the elemental composition and coating weight of the 
Inland-produced samples. These measurements were made by DMC in a laboratory version 
of its commercially available DMC800 Zincfiron Coating Gauge; the laboratory and on-line 
versions use identical measurement hardware and sense the X-ray fluorescence identically. 

An initial attempt by JPL to develop a predictive model using fundamental 
parameters proved unsuccessful. Then DMC developed an original mathematical 
representation in which two inteiiial signals (i.e., “the relative zinc and iron voltages”), 
routinely generated in the measuring head of the DMC800 Zinchon Coating Gauge, 
provide the basis for estimating the galvanneal phase distribution. The structure of DMC’s 
mathematical representation is drawn from the theoiy of neural networks. Within this 
project, any specific numerical embodiment of the underlying mathematical representation 
was called a “math model”. All such math models share the same generic conceptual 
framework and differ only in the numerical values assigned to their constituent parameters. 
As with ant pattern recognition scheme, a “training-set” is needed in order to quantify the 
numerics of the representation’s decision logic. All the training-set considered during this 
phase of the project originated as subsets of the total population of Inland-produced 
samples. Program reviews produced a consensus that m y  candidate training-set should 
discard eveiy sample tliat contained a coating phase consisting of pure zinc. Two training- 
sets meeting this criterion were created, containing seventy-four and sixty-six samples, 
respectively; the smaller set reilects discarding eight additional questionable samples. For 
each training-set, the mathematical representation’s input and output parameters for each 
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sample consisted of the two DMC-measured signals described above and the three JPL- 
measured relative phases, respectively. The sole additional input property assigns each 
sample to one of the three mutually exclusive classes (viz., extra-low-carbon, interstitial- 
free, and rephosphoiized) of galvanneal substrate; this property is both fundamental and 
static, inasmuch as it doesn’t change during a production run. The resulting numerical 
versions of DMC’s mathematical representation were called Math Models 1 and 2 according 
as the larger or smaller, respectively, of the two training-sets being used. 

The data for a completely independent test and evaluation of the DMC approach 
were obtained at the Stelco Hilton Works’ Z-Line, where a DMC800 Zinchon Coating 
Gauge was already installed and operational. In three days of on-line testing, the two 
gauge-measured signals (i.e., the relative zinc and iron voltages) for each of the 
galvanneal’s top and bottom surfaces were recorded on-line, along with the corresponding 
phase distributions estimated by Math Models 1 and 2 running on a PC installed by DMC 
for this test sequence. In addition, some twenty-six samples from the Stelco coils produced 
during these three days were selected for off-line examination. For these twenty-six 
samples, DMC made and recorded the same measurements in the same laboratoiy version 
of the on-line gauge as used for the Inland-produced samples. For these twenty-six 
samples, Stelco made the phase distribution measurements by using its own prescribed 
metallographic techniques, which differed from JPL’s. Application of the unmodified Math 
Models 1 and 2 to these twenty-six samples yielded phase distribution estimates in 
substantial disagreement with the Stelco-measured values. This result was not 
unanticipated, in view of recognized manufacturer-to-manufacturer differences in 
galvanneal production and metallography techniques from one steelmaker to another. 

An extension of the DMC approach showed that such disparities could be 
circumvented. The specific extension was predicated on an enlarged training-set consisting 
of the previous Math Model 2 (Inland-produced and JPL-metallographed) samples plus the 
newer twenty-six (Stelco-produced and Stelco-metallographed) samples; moreover, an 
additional input property identified the sample as having been produced by Inland or 
Stelco. The resulting numerical embodiment of DMC’s mathematical representation was 
called the Composite Math Model and provided phase distribution estimates which agreed 
well with the independently measured phase distribution for all samples for which such 
measurements were available. These results serve not only to validate DMC’s basic 
approach, but also to suggest precautions to be observed in porting the augmented DMC 
gauge from one setting to another. In other words, it suggests that the “training-set” 
(included in the Composite Model) needs to be readjusted for each installation by 
incorporating a few more data points specific to the individual installation. Thus, the 
existing DMC800 Zinckon Coating Gauge together with the augmented software 
(“Composite Model”), as developed under this pro-ject, has the ability to measure the 
galvanneal phase distribution continuously, non-destructively, rapidly and on-line. 

objective: the development of an on-line instrument for continuous reading of the zinc-iron 
phase distribution in the galvanneal coating, using X-ray fluorescence and software 
analytical techniques. 

In brief, the joint efforts of the project’s participants have achieved this project’s 

... 
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1.0 INTRODUCTION 

No American industry is more fundamental or competitive - both domestically and 
internationally - than the steel industry. Global challenges have intensified the American 
steel industry’s historical commitment to improving the quality, energy-cost, yield and 
efficiency of its production. The industry’s technical management has recognized that the 
current research and developments provide both the “technology push and pull” (Le., 
potential reward and nascent feasibility) to achieve such product improvements via on-line, 
real-time, continuous feedback control of the steelmaking process. By early 1992, the 
industry’s collaborative research had defined the Advanced Process Control Program, 
containing six technology projects each aimed at a specific contribution to the overall 
process-control strategy. 

Two major ingredients of a generic control system are its sensor and actuator 
subsystems. Each of the constituent projects within the Advanced Process Control (APC) 
Programs directed toward a distinctive sensor or actuator technology, and each project 
contributed predominantly to one of the steel industry’s major processes, viz., 

piimaiy steelmaking, 
continuous casting, 
rolling and annealing, 
coated products. 

Participants in the APC Program included universities, national laboratories, 
advanced technology companies, and the steel indusby. Within each of the program’s six 
projects, each participant assumed one (or more) of the following roles: 

research partner, 
commercialization partner, 
sponsoring steel company. 

This management approach via partnering was intended to broaden participants’ 
perspective, highlight interface issues early, and accelerate the development cycle for the 
project’s technology. 

This report summarizes one of the APC Program’s six projects: Project E - 
Phase Measurement of Galvanneal. This project was aimed at developing a sensor 
using an X-ray fluorescence (XRF) technique for measuring the phase contents of 
galvanneal coatings of sheet steel rapidly and non-destructively with an accuracy of & 5%. 
This report provides an overview of the project, summaiizes the contributions from project 
partners, presents the technical approach for developing a commercial gauge, and 
demonstrates that the augmented gauge met this project’s objective. 
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2.0 PROJECT DESCRIPTION 

The team for Project E (“Phase Measurement of Galvanneal”) of the APC Program 
for the Steel Industry consisted originally of Inland Steel Company (now Ispat Inland Steel 
corporation) as the sponsoring steel company, the Jet Propulsion Laboratory (JPL) of 
Caltech as a research palmer, and Data Measurement Corporation (DMC, now Radiometry) 
as both a research partner and the commercialization partner. 

Galvannealing is a process of coating steel with zinc whereby the finished coating 
consists of several layers, or phases, each having a defined irodzinc ratio and thickness. 
Sheet steel with this coating exhibits characteristics such as weldability, paintability, 
coating adhesion and corrosion resistance which are superior to those of ordinary 
galvanized steel, and is replacing galvanized steel in many products such as automobile 
body panels. In the galvannealing process, the steel strip first passes through a molten zinc 
bath and then through a “galvannealing furnace” where the iron migrates into the zinc 
coating to produce the phases. The properties of the zinc-iron phase distribution depend on 
the heating program of the fuimace and the time spent in it. These properties, namely the 
presence of certain phases and the thickness and composition of each phase, are critical to 
the quality of the galvanneal coating. 

The galvanneal phase distribution is the relative thickness of the coating’s three 
piincipal metallurgical phases, viz., the gamma, delta and zeta phases, containing 
compounds such as FeZn,, FeZn,, and FeZn,,, respectively, and hence exhibiting iron 
concentrations of 22 to 24%, 9 to 18%, and 5 to 796, respectively. (A fourth phase - the eta 
phase - consists of pure zinc; the presence of such a layer in a galvanneal coating is 
generally undesirable.) Figure 1 illustrates the generic phases of galvanneal and Figure 2 
illustrates one desirable and two undesirable realizations of galvanneal phases. To interpret 
these illustrations, it should be noted that ten micrometers is, to within a factor of two, a 
typical value for the total thickness of the galvanneal coating. 

The technical approach for this project consisted of sequentially: 

0 

0 

0 

0 

producing galvanneal samples with physical properties realistic and 
varied enough to span the entire commercially valuable range of the 
relevant parameter space, 
making off-line laboratoiy measurements of the phase distribution of 
eveiy such sample, 
measuiing the signals generated in an existing DMC X-ray 
fluorescence (XRF) gauge, and by a laboratoiy XRF setup at JPL, 
identifying the best XRF method &e., DMC’s or JPL’s) and 
employing the measurements from the preceding steps as a training 
set for developing a mathematical representation whereby the 
generated signals provide the basis for estimating the galvanneal 
phase dis tiibution, 
introducing the preceding step’s mathematical representation as a 
software augmentation to a gauge (new or existing) installed at an 
operational galvanneal line, 
comparing the on-line gauge-generated phase distributions with off- 
line laboratory-measured phase distributions of galvanneal samples 
time-tagged on the same production line, 
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iterating until satisfactoiy agreement is reached. 

2.1 Creating Galvanneal Samples and Training Sets 

The initial task here was to acquire a sufficiently realistic and diverse ensemble of 
galvanneal samples. After consultation among the project participants, Inland Steel chose to 
produce at its pilot coating facility, an approximately one third scale model of an actual 
galvannealing line. As shown in Figure 3, this facility contains an electrolytic cleaning 
section, an annealing furnace, and a zinc pot with coating knives. An Induction furnace 
mounted over the zinc pot heat-treats the coated strip and promotes the zinchron reaction. 
Inland’s strategy for achieving the sample ensemble was systematic variation of three 
parameters known to influence galvanneal phase structure: 

substrate chemistry, 
zinc coating weight, 
degree of zinchron alloying. 

The three substrate types were extra-low-carbon (ELC), interstitial-free (IF), and 
rephosphorized (Rephos) coiTesponding to chemistries with low carbon, niobium-plus- 
titanium ultra low carbon, and niobium-plus-titanium-plus-phosphorus ultra low carbon, 
respectively. The six values of zinc coating weight ranged from 30 to 110 g/m2, and the six 
values of zinchron alloying ranged from unalloyed to severely over-alloyed. This 
systematic variation of the three parameters clearly coixsponded to 108 different 
combinations of galvanneal properties; multiple duplications of each combination served to 
guarantee a sufficient quantity of samples. 

The empirical variation of pimameters was achieved as follows: 

The Choice of substrate type was clearly direct. The desired zinc coating 
weight was achieved by adjusting the air knife pressure and distance while 
keeping constant the speed of the strip as it ran through the line. The desired 
degree of zinchron alloying was achieved by varying the induction furnace 
power; the visual appearance of the strip suiface leaving the induction 
fui-nace was the indicator of alloying. 

During the galvanneal i’uiis, Inland recorded several parameters critical to the 
zinchron reaction. These recorded parameters included: 

line speed, 
zinc pot temperature, 
zinc pot chemistry (percentages of aluminum and iron), 
temperature of the strip as it enters the pot, 
temperature of the strip as it leaves the galvanneal furnace. 

For each of the processing conditions, the test coils were cut up into ten meter 
segments. A set of sample coupons was punched from each coil segment, and four 
duplicate coupons were selected from each sample set. Three of the four coupons were 
retained at Inland, while the fourth was sent to DMC for non-destructive tests and thence to 
JPL for both destructive and non-destructive tests, including the measurement of the 
galvanneal phase distribution of each sample. 

5 
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2.2  Sample Evaluation 

2 . 2 . 1  X-rav Fluorescence tXRF) 

At JPL, the XRF expeiimental set-up was optimized to maximize the signal from 
the galvanneal coating in minimum data collection time. The spectral response of zinc and 
iron was measured by a silicon-lithium detector and recorded on a multi-channel analyzer. 
The X-ray beam was generated using a molybdenum target. Figure 4 shows a diagram of 
the XRF experimental set-up. 

Before sending the Inland-produced samples to JPL, DMC examined the samples in 
the laboratory version of the DMC800 Zinc/Iron Coating Gauge, which employs an XRF 
technique. Both the laboratoiy version and the commercial version of this gauge measure 
the galvanneal coating weight and iron content. 

2 . 2 . 2  Metallo2raphv 

At JPL, specimens were cut from all the Inland-produced samples for 
metallographic evaluation with an abrasive cut-off machine and water. Samples were 
ultrasonically cleaned with ethyl alcohol after cutting, followed by immediate drying with 
high pressure air. The samples were then prepared for metallographic evaluation using 
standard laboratory techniques. 

Before examination under optical microscopes, two different etchants were used. The f r s t  
etchant, developed by J. R. Kilpatiick at Bethlehem Steel', consisted of 2 ml of zephryn 
chloride, 25 ml of 4% picral, 25 ml nitric acid and 150 ml of ethyl alcohol, diluted further 
with ethyl alcohol at a ratio of 5: 1. The second etching technique, developed by C. E. 
Jordan at Lehigh University', consisted of 20 seconds immersion in a solution of 1% 
picric acid + 1% nitric acid + amyl alcohol, followed by immersion in ethyl alcohol and 
flushing with ethyl alcohol. The details of these techniques can be found in those two 
references. 

All sample cross-sections were examined optically at 1OOOx magnification. 
Representative samples, which had been flash-coated with gold, were examined at l000x 
and 6000x magnifications under a scanning electron microscope in order to validity optical 
photomicrographs of etched sample cross-sections. 

2.2 .3  X-rap Diffraction (XRD) Analvsis 

Zeta ancl Deltu Phuse ciiialysis 

delta phase XRD analysis. The diffraction from these samples was measured by a silicon- 
lithium detector and recorded on a multi-channel analyzer. The X-ray beam was generated 
using a copper target. Samples were chosen from all three substrate types. 

Rectangular pieces were cut from original samples, using tin snips, for zeta and 

Gumma Phase Analysis 
Peeled galvanneal coatings from selected samples were used for gamma phase XRD 

analysis. Long, thin pieces were cut, using an abrasive cut-off machine, from the original 
samples. The sample suifaces were cleaned with ethyl alcohol and coated with Epoxy-patch 
epoxy. After cuiing at 60 "C for 2 hours, samples were bent -90" to peel-off the coating 
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Figure 4: X W  Experimental Set-up at JPL 
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from the steel substrate. XRD data were taken from the coating adhering to the epoxy, 
which revealed the coatindsubstrate interface. 

L 

Sample Substrate Average Thickness [pm] Lab CW Lab Fe 

2-15-D IF 2.5 4 0.5 7 57  8.7 
ID# TY Pe Zeta Delta Gamma Total [wml [ % I  

An attempt was made to remove the coatings from all the samples using the same 
peeling procedure as described above. Peeling the coatings from the unalloyed samples and 
samples annealed at relatively low galvanneal temperatures was unsuccessful. The optical 
photomicrographs taken of these samples showed them to have minimal inteifacial gamma 
phase. 

2.2 .4  Transmission Electron Microscopv (TEM) 

Specimens were cut with tin snips from selected samples and prepared for TEM 
using conventional cross-section methods ( eg ,  thinning, polishing, dimpling, and ion- 
milling). Table 1 shows the average phase thickness deteimined from metallography, 
substrate type, coating weight and iron contents for these samples. TEM micrographs and 
Selected Area Electron Diffraction (SAD) patterns were taken at several magnifications 
from various areas within the coating. 

Table 1: Samples Used for TEM Analysis 

1 I 3-5-B I Rephos I 0.5 6 0.5 7 I 55 I 11.2 
I I 

2 .2 .5  Results and Discussions 

A. X-ray Fluorescence 

1. JPL XRF Expeiiinental Data Analysis 

The plots of JPL’s expeiimental zinc and iron fluorescence data versus iron content 
in the coating for the Inland-produced samples showed good linear conelation. Table 2 
gives the linear regression equations for each coating weight set of each substrate type for 
the separate iron and zinc responses. Evaluation of these equations show the slopes to have 
substrate dependence and the y-intercept values to have coating weight dependence. Lighter 
coating weights resulted in greater penetration of the X-ray beam into the substrate. 
Consequently, the iron response was enhanced. Ideally, the expeiimental set-up would 
have the X-ray beam penetration limit at the coating/substrate inteiface. Based on JPL 
experimental results, the iron response enhancement is reproducible for a given coating 
weight. 

2. Comparison of JPL and DMC’s Experimental Data 

DMC also perfoimed XRF on the Inland samples. DMC’s experimental normalized 
zinc and iron XRF response data versus iron content in the coating for these samples 
showed veiy good linear conelation. Table 3 gives the linear regression equations for each 
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IF 2 
Rephos 2 
Rephos 2 

Table 2: .PI., XtF Iron and Zinc Response Linear Regression Data 

40-52 202040- 1 8 12.4~ 0.863 
3640 180890- 1802.2~ 0.789 
6 1-72 21 1010-442.4~ 0.482 
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coating weight set of each substrate type. In general, excellent correlation was seen 
between the DMC data and the JPL data. Several exceptions were seen in the low coating 
weight samples (34 - 39 gsm) and in samples with very low iron coating content (4%). 
An examination of the data suggested that the DMC gauge retained linearity in response at 
very low iron contents and was more sensitive than the JPL detector to small variations in 
iron content. In summary, the analysis of both the JPL and DMC’s XRF data indicated that 
the DMC gauge could achieve an accuracy of 0.5% for iron content under DMC laboratory 
conditions. 

B. Galvanneal Morpholo~v 

1. Metallography 

Average Phase Thickness Measurements 

The appearance of eta, zeta, delta and gamma phases were identified from the 
optical photomicrographs using a technique developed by Kilpatrick at Bethlehem Steel’. 
Table 4 gives the average phase thickness measured, with a metric ruler, directly from 
optical photomicrographs of etched sample cross-sections taken at loOOx magnification. 
The volume percents of eta, zeta, delta and gamma phases were calculated by dividing the 
measured phase thickness values by their total measured coating thickness. Figure 5 shows 
volume percent of iron-zinc phases detennined by metallography relates to iron content in 
the coating. 

Microscopy 

Etchcuzt Selection 
As mentioned before, two etchants were evaluated as to their usefulness for this 

study. It was deteimined that the etchant, foimulated by Jordan at Lehigh University’, 
revealed the interfacial layer better and made the various phases more distinct. Therefore, 
all samples were etched with this solution. Additionally, it was found that the lighting was 
critical for optical examination. 

Iiztevucial Etching 
Scanning electron microscopy (SEM) examination of several selected samples 

revealed discontinuities at the substrate/coating interface. After examining samples with 
various anneal temperatures in both the polished and unpolished conditions, it was 
determined that the interfacial region was being preferentially attacked by the final polishing 
compound. This particular compound was designed to act as a chemicdmechanical polish, 
and although the compound was diluted with 50% ethyl alcohol, the pH(7) was caustic 
enough to preferentially etch the surface. The interfacial etching was only predominant 
when the gamma phase was present in the sample. 

Surface Ii-regularities 
Reddish areas were observed on both fronts and backs of sample surfaces after 

samples were cut for metallographic evaluation. SEM examination was used to determine 
the elemental composition of these areas. Results showed them to consist primarily of 
phosphorus, oxygen and iron. Cause of surface ii-regulaiities is still unknown. Possible 
sources are cleaning agents and handling procedures. SEM examination also revealed 
uncoated microscopic area on galvannealed surfaces. 
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2. X-ray Diffraction Analysis 

Preliminary Analysis 

Due to the difficulty of phase identification using Inland Steel’s XRD data, P L  
conducted a prelimhay XRD analysis, covering a wider angular scan range than Inland 
steel, on selected unalloyed and alloyed samples in the 34-77 gsm coating weight range. 
Samples were chosen from all three substrate types. The success of JPL’s preliminary 
analysis led to the ptimaiy XRD evaluation. Consequently, JPL XRD data were used in 
conjunction with Inland Steel’s XRD data for percent phase evaluation. JCPDS file data 
(Appendix I) were used to identify the presence of eta, zeta, delta and gamma phases. 

An XRD analysis method developed by Dofasco, communicated privately to JPL, 
was used to analyze the galvanneal phase compositions of peeled and unpeeled samples. 
P L  could not secure unalloyed peeled samples because of better adhesion than alloyed 
samples. Zeta, delta and gamma phase compositions determined by XRD assumed that the 
intensity of the XRD response was proportional to the volume fraction of the phase present 
in the sample. These results were compared with the optical photomicrographs. Changes in 
the diffraction intensity coi-related with changes in the observed phase thickness; however, 
the presence of preferred ciystallographic orientation could present seiious difficulties in 
inteipreting the XRD data. 

Primary Analysis 

Objective 
The objective of the XRD analysis was to use an alternative method of percent 

phase detetmination and to further investigate the gamma phase and other possible 
interfacial phases. 

Percent Phuse Analysis 
Both JPL and Inland Steel’s XRD data sets were used to calculate the percent 

phases of zeta, delta and gamma assuming that the intensity of the XRD response was 
propoi.tional to the volume fraction of the phase present in the sample. Unfortunately, 
phase analysis was extremely difficult due to overlapping of diffraction reflections. Table 5 
shows the calculated percent phase values. Percent eta phase was not determined because 
preferred orientation was observed. Also, the percent phases for samples containing a 
significant mount  of eta phase (ie., unalloyed samples and samples annealed at relatively 
low alloying temperatures) were not determined because their diffraction pattein showed 
mainly eta reflections. The following equation was used to calculate the percent phases: 

where r/r = measured zedgamma ratio, 6K = measured delta/gamma ratio, and r is used 
as the internal standard. 
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Table 5: XRD Percent Phase Analysis 
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Cornparison of XRD and Metullographic Phme Datu 
Comparison of the XRD phase analysis and the metallographic phase analysis 

showed decent correlation when the average zeta phase was less than 30%. For both XRD 
and metallography, the gamma phase varied between approximately 5-15%. 

Zeta Phase XRD Re-evaluation 

Objective 
All samples, having an average coating percent iron 28% and an average lab coating 

weight between 30-70 gsm, and selected Stelco round-robin samples were chosen for re- 
evaluation by top-down XRD in order to verify the presence of the zeta phase, as seen in 
metallography. Inland Steel’s XRD data were used to evaluate the Inland samples, and 
XRD data obtained at JPL were used to evaluate the Stelco samples. 

Analysis 
Table 6 shows the results of this analysis. Disagreement was found between the X- 

ray diffraction and JPL metallographic results in the following cases: 

* Diffraction patterns from samples 3-6-x, 3-15-b and 3-27-b (all 
rephosphorized samples) did not show the zeta reflection, even though JPL 
metallography indicated an average zeta phase thickness for these samples. 
Sample 1-4-a did show a zeta reflection, even though JPL metallography 
indicated an average zeta phase thickness of zero for this sample. 

* 

The X-ray diffraction patterns of the samples containing >11% average coating 
iron, with the exception of sample 3-27-b, showed the presence of zeta reflections. This 
disagreed with Stelco’s obseivation that zeta phase should not exist above 11% average 
iron content. Consequently, the JPL cross-sectional photomicrographs taken at 1OOOx were 
re-examined. Table 6 indicates samples having a less distinct zeta phase (column I). All 
these samples, with the exception of sample 3-6-x, contain >11% average coating iron 
content. 

3 Transmission Electron Microscopy 

Objectives * 
* 
* 

Profile the iron and zinc ratios throughout the thickness of the coating using 
energy dispersive analysis of X-rays (EDAX). 
Phase identification through the coating using selected area electron 
diffraction (SAD). 
Study electron micrographs taken of the different phases through the 
coating and analyze the differences between their microstructures. 

Sarnple Preparation D#iculties 
The wedge technique was the preferred sample preparation method for the TEM 

specimens; however, due to the porosity of the coating, poor adhesion between the coating 
and substrate, and slight buckling of the samples from the tin snipping, it was not feasible. 
Therefore, the conventional sample preparation methods were used. 

EDAX Analysis 
EDAX Fe-Zn depth profiles were not feasible due to difficulties in sample 

preparation described above. 
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Table 6: Zeta Phase XRD Re-evaluation Results 
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Analysis of SAD Patterns 
A D  patterns taken from the top, middle and bottom of the coatings from sample 2- 

15-d and 3-543 were analyzed for phase identification. JCPDS files (Appendix I) were used 
to index the SAD rings and spots. Overlapping of reflections from the different phases and 
secondary effects ( e g ,  twin spots, double diffraction spots and multiple diffraction 
effects) made phase analysis difficult. Table 7 gives a summary of the TEM phase analysis 
results. 

Table 7: TEM Phase Analysis Results 

Sample ID## Location Fe-Zn Phases from SAD 
Patterns 

2-15-D Top of Coating Zeta and Delta 
Zeta and Delta 

Delta and Gamma 
3-5-B Top of Coating Zeta and Delta 

Middle of Coating 
Bottom of Coating 

Middle of Coating Delta 
Bottom of Coating Delta 

Microstructure Aidysis 
The phases within the coating did not appear as distinct, uniform layers in the 

electron micrograph. Cracks and inclusions were found in the coating of sample 3-543. 
Analysis of the SAD patterns of the crack and inclusion showed that both zeta and delta 
existed in these regions. However, the SAD pattern of the area just outside of the inclusion 
indicated having only delta phase. 

4. Critical Process Variables 

A review of the XRF, metallography and XRD experimental data showed that, in a 
critical annealing temperature range, multiple combinations of phases could result in having 
either the same normalized iron XRF response or zinc XRF response. Therefore, it was 
concluded that unique phase composition predictions would be difficult to deduce from 
using the XRF results alone. Consequently, the project team agreed that it was necessary to 
investigate other possible variables that could be used to help predict coating phase 
compositions. 

Substrate Composition and Zinc Bath Chemistry 
Critical process parameters which influence phase development include substrate 

composition and zinc bath chemistry. Substrate and zinc bath chemical compositions have 
been shown in literature to influence the substrate/coating interfacial phase foimation, 
which, in turn, influences the subsequent phase formation in the coating3. For the Inland 
samples, the zinc bath compositions remained fairly constant. However, the substrate 
compositions for each of the substrate types were significantly different. In agreement with 
research done by Jordan and Marder at Lehigh University4, the rephosphotized samples 
contained significantly more aluminum in their substrates than the extra-low carbon (ELC) 
and interstitial-free (IF) samples. Table 8 lists Inland Steel’s reported substrate chemical 
composition values. 
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Table 8: Substrate Chemical Composition 

Cr % 0.01 
An % 0.003 
Cb % 0.002 

Sb % 0.002 zn% - 
Ce % - 
N% 0.0027 
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Furtheimore, optical micrographs, XRD, TEM and atomic composition dot map 
results showed that phase formation was inhibited in the rephosphorized samples, as 
compared to the ELC and IF samples. The ELC substrate samples behaved similarly to the 
IF substrate samples. 

XRD analysis indicated that the zeta to delta phase transformation occurred at a 
higher galvanneal temperature for the rephosphoiized samples than for the ELC and IF 
samples. The rephosphorized sample showed no gamma phase response at a galvanneal 
temperature of 474 “C, whereas the ELC and IF samples indicated the formation of gamma 
at a temperature as low as 363 “C. The influence of substrate type on phase formation was 
also seen in the TEM analysis discussed earlier. 

Lastly, atomic composition dot maps taken of unalloyed ELC, IF and 
rephosphorized samples showed the presence of aluminum at the substratekoating interface 
of the rephosphoiized sample only. 

Pi-ocess Tiine and Teinpei*ature Profiles 
The aluminum “diffusion baiiiei” discussed above could be the result of either the 

formation of an irodaluminum or an iron/zinc/aluminum compound, or, more likely, by the 
presence of the aluminum in the grain boundaries. As alloying time and temperature 
increased, the “diffusion Baiiiei” was obsei-ved to break down. Consequently, it was 
concluded that in order to more accurately study phase foimation, accurate alloying time 
and temperature profiles were necessary. Unfortunately, literature on diffusion kinetics of 
the galvanneal irodzinc system was limited and inconclusive. 

Irori/Zinc XRF Ratios 
In addition to limited diffusion kinetics information, the propiietary nature of the 

galvanneal on-line process conditions made it difficult to base any XRF model predictions 
on these parameters. Thus, using on-line process parameters, as a means of predicting 
phase compositions, was abandoned. However, by implementing DMC’s successful 
demonstration of using both the noimalized iron and normalized zinc XRF responses to 
obtain unique sample solutions for a given substrate type, the decision was made to use the 
noimalized iroidzinc XRF response ratio as a major input parameter for predicting phase 
compositions. 

C. Mechanical Property Data Analysis 

Inland Steel peifoimed mechanical property tets on most of the samples. The results 
of Inland Steel’s Reverse Olsen Mass Loss and 60” Reverse Bend Rating (i-e., Tape Test) 
tests, as a functionof Inland Steel’s average iron content values and percent zeta, delta and 
gamma phases determined from JPL’s metallography, indicate Olsen Mass Loss greater 
than 10 mg as a “poor” coating, and a Bend Rating less than 4 mm as “good” and one 
greater than 6 mm as “poor”. 

Overall, the rephosphoiized subskate samples showed better coating ductility 
ratings than the ELC and IF substrate samples for the same coating weight range and iron 
content in the coating. Generally, samples with less than 8% iron have “good” coatings. 
Also, the relationship between the coating ductility rating and iron content in the coating 
coirelated more closely withthe amount of zeta and delta phases, as opposed to the amount 
of gamma phase, present in the coating. However, the data did show that “poor” coatings 
are more likely to occur in samples containing greater than 10% gamma phase. 
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2.2.6 Phase Composition Modeling 

Coating 
Thickness 

[Pml 
7 
8 
9 
10 

A. Fundamental Parameters Method Model 

Zeta Phase RA’ Delta Phase RA2 

783.25 -1625.64~ 0.993 -693.25 + 1625.64~ 0.993 
703.25 - 1699.24~ 0.992 -613.25 + 1699.24~ 0.992 
644.27 - 1776.67~ 0.989 -554.27 + 1776.67~ 0.989 
586.36 - 1813.46~ 0.985 -496.36 + 1813.46~ 0.985 

1. Description 

The Fundamental Parameters Method (EPM) model is based on a mathematical 
model which corrects for X-ray absoiptiodenhancement effects in a multi-elemendmulti- 
layer material system. The mathematical model assumes that the intensity corrected for 
matrix effect (Po,Ci) is equal to the emitted intensity plus a coirection for the decrease in 
intensity due to absorption and iniizus an intensity due to secondary enhancement5: 

P,,,Ci = Pi + si + c xjcj - c x,c, 
The FPM model predicts the distribution of the zeta and delta phases. Necessary 

inputs to the FPM model are substrate type, coating weight, coating iron content, and 
normalized iron and zinc XRF response. The FPM model for predicting phase 
compositions was created using a software program that generates iron and zinc 
fluorescence values based on actual on-line conditions and user-defined values. Figures 6 
and 7 show inpudoutput ilow charts for the FPM percent phase determination model. 

2. Model Application 

Assuinptions 
Due to the inaccurate calculation of pure elemental zinc on the suiface of the 

coating, the model assumes that no eta phase is present. Also, in order to have no more 
than two unknowns, the FPM model must assume a fixed fraction of either zeta, delta or 
gamma. Since the variation of the volume percent of the gamma phase is minimal within the 
commercial percent iron content range (9% - 12% iron) for galvanneal, the model assumes 
a fixed fraction of gamma. Lastly, the FPM model is coating thickness dependent. 

FPM Model Curves 
Percent phase versus noimalized iron/zinc XRF ratio cui-ves, for zeta and delta 

phases (assuming a fixed 10% gamma phase), were plotted using the data generated from 
the aforementioned software program simulations. Separate curve-fit equations were 
calculated for the zeta and delta phase curves and are shown in Table 9. 

Table 9: Curve-fit Equations for FPM Model Curves 

Selecting FPM Model Forin 
Analysis of DMC’s noirnalized irodzinc XRF ratios and the iron content in the 

coating of the Inland-produced samples showed that their relationship to one another could 
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be used as a filter for selecting the most appropriate FPM model foi-m to predict phase 
compositions. Figure 8 shows examples, based on the these samples, of how iron content 
and DMC’s noimalized irodzinc XRF ratios relate to the presence of eta and the amount of 
gamma in the coating, as deteimined from metallography. These plots determine allowable 
ranges of irodzinc XRF values for given iron contents, percent phases and coating weight 
ranges. Therefore, only samples having irodzinc XRF ratios which fall within the ranges 
of the chosen FPM model form applied to that specific model. This selection method is also 
substrate type dependent, as exemplified in Figure 8. 

FPM Model Valiclution 
In order to validate the FPM model, a comparison was made between actual (i.e., 

measured from metallography) and predicted (Le., from the FPM model) data versus 
DMC’s noimalized iron and zinc XRF ratio data for the ELC and IF samples with 7,8,10 
and 13 pm coating thickness and iron contents ranging from 7% - 14%. This comparison 
showed that the general slopes of the data generated using the FPM software were 
inconsistent with the slopes of the expeiimental data. Varying the inputs to the FPM 
program @e., incidendtake-off angles, phase composition, and filtering) was insufficient 
in bringing the slopes of the FPM model data and the slopes of the experimental data to 
agreement. The results also showed that the slope of the generated curves were dependent 
on the compositions of the zeta and delta phases and not the gamma phase. 

Identified Liin.itatioiis 
Accurate expeiimental phase analysis was difficult, and therefore it was difficult to 

validate FPM simulations. Also, significant error in predicting percent phase composition 
could aiise from errors in coating thickness deteimination. In addition, the FPM model will 
have to be modified if the presence of pure elemental zinc (eta phase) on the coating surface 
and large variations in percent gamma phase are expected. 

2.2 .7  Initial Conclusions and Recommendation 

The analysis of both the JPL and DMC XRF experimental data indicated that the 
DMC Zn/Fe gauge could achieve an accuracy o f f  0.5% for iron and zinc detection under 
DMC laboratoiy conditions. In order to coixlate the XRF data to galvanneal phase 
morphology, metallography, XlXD and TEM were performed. The results showed that, 
within a ciitical annealing temperature rang, multiple combinations of phases could result in 
having either the same normalized iron XRF response or the same noimalized zinc XRF 
response. Therefore, it was concluded that predicting unique phase compositions with the 
XRF data would require using the normalized irodzinc XRF ratios. 

In order to predict phase compositions using XRF, a FPM approach was used to 
generate theoretical models. For this study, due to unavailable process parameter and 
diffusion kinetics information, only the noimalized irodzinc XRF ratios, substrate type, 
coating weight and iron content were used as inputs for the phase composition prediction 
model. Disagreement was shown to exist between the FPM model and expeiimental data. 

Thus, it was agreed tliat further work will done at DMC using its existing DMCSOO 
Zinc/Iron Coating Gauge (based on XRF analysis) to develop an augmented prediction 
model for phase compositions and amounts. 

The existing DMC gauge measures the galvanneal coating weight and iron content. 
In the mathematical parameter-space defined by these two measurable quantities, Figures 9 
and 10 show the region filled by the Inland-produced samples’ idealized and realized 
ensembles, respectively. The two regions clearly exhibit strong overlap. 
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2.3 Hardware Base: DNIC800 ZindIron Coating Gauge 

The hardware starting point for this project from this point foiward (as pointed out 
above) is the commercially available DMC800 Zinc/Iron Coating Gauge. This Gauge 
provides 

simultaneous measurement of coating weight and Iron Migration Index ( M I  - related 

rugged scanning frames for measuring both sides of the product, 
update rates of 25 millisecond for all four measurements (i.e., coating weight and 

coating weight and percent iron profiles across the width of the product, 
“pure zinc” mode for galvanized coatings, 
proven accuracy, repeatability, reliability and safety. 

to percent iron), 

percent iron, both sides), 

The gauge uses the fundamental principles of X-ray fluorescence, together with 
high-intensity X-ray sources, as the basis for measurements. The resulting signals are 
strong and suitable for achieving fast response times, high signal-to-noise ratios and 
excellent accuracy. By combining a unique measurement geomeay with intense photon 
fluxes and optimized energy levels, DMC’s patented approach enhances the fluorescence of 
iron in the galvanneal coating and suppresses the iron fluorescence signal from the steel 
substrate. The gauge has two measuring heads, one for each side of the strip. Each 
measurement head contains two X-ray sources and two X-ray fluorescence sensors. One 
sourcddetector pair is designated as the “Zinc head” and the other is designated the “Iron 
head‘,. Figures 11 and 12 illustrate the physics underlying the Zinc and Iron heads, 
respectively. The Zinc head uses noimal (i.e., perpendicular to the coating) incidence and a 
diffei-ential annular ion chamber to detect fluorescence preferentially from zinc. The Iron 
head uses incidence widely separated from normal and a differential annular ion chamber 
to detect fluorescence preferentially from iron. When the outputs of the two source/detector 
pairs are jointly processed in the gauge’s computer subsystem, the coating weight and 
percent iron can be inferred accurately in real-time, with sufficient speed and resolution to 
generate profiles down the length of the strip and across the width of the strip. Figure 13 
illustrates a typical gauge installation. 

A sample’s dimensional voltage output from the Zinc or Iron head can be rendered 
dimensionless (and lying between zero and one) via noimalizing with respect to the output 
from bare zinc or bare iron (i.e., low carbon steel). Thus, for each type of detector, the 
relative voltage is given as 

where Vm,ple is the detector output from the sample and V,,,, and V,, are the detector 
outputs from the same or opposed atomic-element, respectively, as the detector. Thus, for 
example, for the Zinc head, the maximum and minimum voltages arise from bare zinc and 
bare iron, respectively; for the Iron head, the results are simply transposed. The relative 
zinc and iron voltages were recorded for each Inland-produced sample when the sample 
was observed in the laboratoiy version of the DMC800 Zinc/Iron Coating Gauge. 

2.4 Software Augmentation 

The preceding subsections have desciibed how measurements of the phase 
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distribution and of the relative zinc and iron voltages were made on each Inland-produced 
sample and hence provide a training-set basis for an augmented predictive mathematical 
representation. The theory of neural networks pi-ovides the framework used by DMC for 
developing such a representation. Within t h s  project, any specific numeiical embodiment 
of the underlying mathematical representation was called a “math model”. All such math 
models share the same geneiic conceptual framework and differ only in the numerical 
values assigned to their constituent parameters. As with any pattein recognition scheme, a 
“training-set” is needed in order to quantify the numerics of the representation’s decision 
logic. All the training-sets considered during this phase of the project originated as subsets 
of the total population of Inland-produced samples. Program reviews produced a 
consensus that any candidate training-set should discard eveiy sample that contained a 
coating phase consisting of pure zinc. Two training-sets meeting this criteiion were created, 
containing seventy-four and sixty-six samples, respectively; the smaller set reflects 
discarding eight additional questionable samples. For each training-set, the mathematical 
representation’s input and output parameters for each sample consisted of two DMC- 
measured relative voltages described above and the three JPL-measured relative phases, 
respectively. The sole additional input property assigned each sample to one of the three 
mutually exclusive classes (viz., ELC, IF and rephosphoiized) of galvanneal substrate; this 
property is both fundamental and static, inasmuch as it doesn’t change during a production 
run. The resulting numerical version of DMC’s mathematical representations were called 
Math Models 1 and 2, depending on whether the larger or smaller, respectively, of the two 
training-sets was used to chmcteiize the model’s numeiics completely. 

Although the theoiy of neural networks originated in a biological and 
neurophysiological context, it has long since been incorporated into mainstream 
mathematics. This subsection presents relevant rudiments of the theoiy in sufficient 
generality for this project: all vaiiables are dimensionless with absolute value not exceeding 
one; input and output vaiiables are positive; only one hidden layer is present. Within these 
restrictions, the following foimalism applies: 

There are three classes of nodes: 

M Input Variables: rl, r2, ....., rM 
N Hidden Variables: s,, s7, ....., s, 
P Output Variables: t,, 6. ....., t, 

where M, N and P are positive integers. 

In all the math models considered here, the input variables include the relative zinc 
and iron voltages and the three binaiy variables coiresponding to the three substrate types; 
consequently, M is 5 or more. The number of hidden variables in the single hidden layer is 
always 5. The number of output variable is always 3, corresponding to the three galvanneal 
phases. 

The function H is defined via 

H(z) f [ 1 + exp(-z)]-’, where -00 e z e00 

Clearly, the function H is intrinsically positive and has the generic “sigmoid” 
property of increasing monotonically from 0 through 1/2 to 1, as its argument increases 
from -00 through 0 to 00. 
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The neural network formalism is couched in teims of the real-valued coefficients 
defined - for 1S i 5M, 1S j SN, 15 k I P - via 

p. 'J = coupling-coefficient between input variable ri and hidden variable sj 
vjk' couplingcoefficient between hidden variable sj and output variable t, 
Oj = bias-coefficient of hidden variable sj 
7, = bias-coefficient of output variable t, 

The total number, Q, of such parameters is clearly given as 

Q = M N + N P + N + P = ( M +  l ) N + ( N +  l ) P = P + ( M + P +  l ) N  

The integers M, N and P are 5, 5 and 3, respectively, for DMC's Math Models 1 
and 2, and are 6 ,5  and 3, respectively, for DMC's Composite Math Model. Hence, Q is 48 
for DMC's Model 1 and 2, and is 53 for DMC's Composite Model. The Composite Model 
is the third version (improved) of the mathematical representation (discussed in Section 
2.5). 

The variables are interrelated - for 15 j IN ,  1I k SP - via 

pijri } 
M 

i = l  
Sj = H { oj + 

and thence by 
N M 

t k  = H [ 7, + C vikH{ oj + Zpijri}] 
j = 1 .  i = l  

Since the galvanneal's relative phases must sum to one, this project's output 
variables are renoiinalized and given - for IS  k SP - as the phases @, via 

N M 

In order to quantify the numerics of the neural network representation, it is 
necessary to establish values for the total number Q of coefficients described above. The 
fundamental is to determine the coefficients so as to minimize the separation, 
summed over all samples in the training set, between the measured phases (i.e., the left- 
hand side of the preceding equation) and the phases calculated (via the right-hand side of 
the preceding equation) as a function of the observed input variables and of the to-be- 
determined coefficients. In the parlance of neural networks, the solution for the coefficients 
is achieved by back propagation, frequently via some variant of the so-called Widrow-Hoff 
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By proceeding in this fashion, the numeiics were established for each of DMC’s 
math models. Table 10 summaiizes Math Model 1’s training-set, consisting of seventy-four 
samples. In this and subsequent tables, 

the teims “V/Zn” and “V/Fe” designate the input variables corresponding to the 
galvanneal coating’s relative zinc and iron voltages, 
the terms “ELC”, “IF’ and “REPH“ designate the binaiy input variables which have 
value one for substrates that are extra-low-carbon, interstitial-free, and 
rephosphorized, respectively, and have value zero otheiwise, 
the terms “Measured Zeta”, “Measures Delta” and “measured Gamma” designate the 
measured values of the galvanneal coating’s relative phase thickness for the zeta, 
delta and gamma phases, respectively.,. 
the samples are ordered by the relative zinc voltage, V/Zn. 

Table 11 compares the measured phases with the phases calculated by the specific 
neural network coil-esponding to numerics for the Q = 48 parameters. In Table 11, the 
terms “Computed Zeta”, “Computed Delta” and “Computed Gamma” designate the 
calculated values coil-esponding to the neural network recipes presented above. 

The training-set for Math Model 2 is deiived from its counterpart for Math Model 1 
by 

discarding the eight samples that appear in Table 10’s rows numbered 9, 13,27,32, 
34, 37,48 and 53, respectively, 
re-evaluating all the phase measurements, with resulting changes that are minor, save 
for the three samples that appear in Table 10’s rows numbered 62,78 and 81, 
respectively. 

Table 12 summarizes Math Model 2’s training-set, consisting of sixty-six samples. 
Table 13 presents, for Math Model 2, precisely the same infoirnation that Table 11 presents 
for Math Model 1, the comparison between measured and computed phases. 

For Math Model 1, Figures 14, 15 and 16 present scatter plots of the measured and 
predicted values for the zeta, delta and gamma layers, respectively. Clearly, the agreement 
is good. 

2 . 5  Validation of the Augmented Gauge 

The data for a completely independent test and evaluation of the DMC approach 
were obtained at the Stelco Hilton Work’s Z-Line, where a DMC800 Zinchon Coating 
Gauge was already installed and operational. In three days of on-line testing, the two 
gauge-measured signals &e., the relative zinc and iron voltages) for each of the 
galvanneal’s top and bottom surfaces were recorded on-line at 1 Hz, along with the 
corresponding phase distributions estimated by Math Models 1 and 2 running on a PC 
installed by DMC for this test sequence. Figure 17 illustrates the overall on-line data 
collection process. In addition, some twenty-six samples from the Stelco coils produced 
during these three days were selected for off-line examination. For these twenty-six 
samples, DMC made and recorded the same measurements in the laboratoiy version of the 
on-line gauge as used for the Inland-produced samples. For these twenty-six samples, 
Stelco made the phase distribution measurements using its own prescribed metallographic 

35 



1 I I 

3 
2 I I I I  I 1 

4 I I l l 1  I I 
Table 10.'Training-Set for Model 1 

5 1  I I I I I  I I 
6 1  1 Measured I Measured I Measured 
7 I VlZn 1 V/Fe 1 aC 1 F 1 FERll Zeta I Delta I Gamma 

36 



37 



38 



39 



' P  lase Measurement of Galvanneal Task E 

First Model - Laboratory Accuracy 
% Zeta 

70 - 

60- 
I 

50- 

40- 

30- 

20- 

10; 

1 0- 
0 10 20 40 50 E 

Optical Metallography Percent Zeta 
I I 1 One Standard Deviation of Error: Approximately 5 Percent 

1 70 

AIS1 - Advanced Process Control Program Figure 1 4  



Predicted Percent Delta 

0 



P w 

Phase Measurment of Galvanneal Task E 

1 8.. 
16. 
14- 
12- 
10- 
8- 
6- 
4- 
Z1 
Or 

First Model - Laboratory Accuracy 
% Gamma 

0 2 4 6 8 10 12 14 16 
Optical Metallography Percent Gamma 

1 3 

I One Standard Deviation of Error: Approximately 2 Percent1 
I I 

AIS1 - Advanced Process Control Program Figure 16 



w 

1 a 
Q) 
Ej c 
cd + 
U 

I 

0 
0 
00 

!2 
A 

w 

k 
0 
3 
an .& 

Frc 

E 
kil 
& 

cd 

0 

m 
0 

c 
k 
.c, 

8 

43 



techniques, which differed from JPL’s. Application of the unmodified Math Models 1 and 
2 to these twenty-six samples yielded phase distribution estimates in substantial 
disagreement with the Stelco-measured values. Figures 18, 19 and 20 present the scatter 
plots of the measured and predicted values for the zeta, delta and gamma phases, 
respectively. These results were not unanticipated, in view of recognized manufacturer-to- 
manufacturer differences in galvanneal production and metallography techniques from one 
steelmaker to another. Figure 2 1 displays the regions mapped out in relative-voltage space 
by the Inland-produced and Stelco-produced samples. 

Figures 22’23 and 24 demonstrate that numerics fit exclusively to the twenty-six- 
sample Stelco training set predict the measured phases veiy accurately. A more meaningful 
extension of the DMC approach showed that manufacturer-to-manufacturer disparities 
could be circumvented. The specific extension was predicated on an enlarged training-set 
consisting of the previous Math Model 2 (Inland-produced and JPL-matallographed) 
samples plus the newer twenty-six (Stelco-produced and Stelco-metallographed) samples; 
Moreover, an additional input property identified the sample as having been produced by 
Inland or Stelco. The resulting numerical embodiment of DMC’s mathematical 
representation is called the Composite Math Model and provides phase distribution 
estimates which agree well with the independently measured phase distribution for all 
samples for which such measurements are available. 

Table 14 summarizes the Composite Math Model’s training-set, consisting of 
ninety-two samples. In Table 14, which follows the same nomenclature conventions 
introduced above, the term “STELCO’ designates the sixth input variable, which has value 
one for Stelco-produced samples and has value zero otheiwise. The Composite Math 
Model’s twenty-six samples added to Model 2’s sixty-six samples are identifiable as those 
samples with the enhy “1” in the column headed “STELCO’. The values for the neural 
network numerics corresponding to the Q = 53 parameters for the Composite Math Model 
were calculated. Table 15 compares the measured phases with the phases calculated by the 
specific neural network numerics. 

For the Composite Math Model, Figures 25,26 and 27 compare the measured and 
predicted values for the zeta, delta and gamma phases, respectively, and illustrate the 
agreement apparent from Table 15. These results serve not only to validate DMC’s basic 
approach, but also to suggest precautions to be observed in poi-ting the augmented DMC 
gauge from one setting to another. In other words, it suggests that the “training-set” needs 
to be modified for each installation with a few more new data points specific to the 
individual installation. 
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3.0 CONCLUSIONS AND RECOMMENDATIONS 

This report summarizes the work done and results achieved in Project E - Phase 
Measurement of Galvanneal, one of the six projects constituting the DOE/AISI 
Advanced Process Control Program. 

Galvannealing is a process of coating steel with zinc whereby the finished coating 
consists of several layers, or phases, each having a defined irodzinc ratio and thickness. 
The properties of the zinc-iron phase distribution depend on the time spent by the steel 
substrate at a given temperature in the galvannealing furnace. These properties, namely the 
presence of certain phases and the thickness and composition of each phase, are critical to 
the quality of the galvanealed steel. The basic trial and eiror method, ie., comparing anneal 
time and temperature with subsequent [off-line) sampling and analysis, is piimarily used to 
control the process. This project was aimed at developing a sensor using an X-ray 
fluorescence (XRF) technique for measuiing the phase contents of galvanneal coatings of 
sheet steel rapidly, on-line and non-destructively with an accuracy o f& 0.5%. Thus, the 
availability of such an instlunent will greatly enhance the galvannealing process control. 

Results obtained in Project E - Phase Measurement of Galvanneal with the above 
mentioned goal show: 

X-ray fluorescence (XRF) technique, used in DMC’s (now Radiometlie) existing 
Iron/Zinc gauge, is capable of achieving an accuracy of k 0.5% for iron and zinc 
detection. 
For predicting unique phase compositions with the XRF data, use of normalized 
irodzinc XRF ratios is recommended. 
Attempts to predict accurately phase compositions using X W  with a fundamental 
parameters model (FPM) were unsuccessful. 
Two inteinal signals, the relative zinc and iron voltages, routinely generated in the 
measwing head of an existing commercial gauge (DMC800 Zinc Iron Coating Gauge, 
manufactured by DMC- now Radiometlie), provide the basis for estimating the 
galvanneal phase distribution; a mathematical model was developed, based on the 
theory of neural networks, using those two signals. 
Two versions of this mathematical model (developed by DMC - now Radiometrie), 
running on a PC, were tested on-line at Stelco’s Z-Line using the existing DMC800 
Zinckon Coating Gauge. These model versions used “training-set” data previously 
generated from Inland Steel produced experimental sample set. The resulting phase 
distribution estimates were in disagreement with the Stelco-measured values. 
A modified mathematical model, called the ‘Composite Model’, was developed 
incoiporating a few actual measured data points from the Stelco ixn to the previously 
generated “training set”. Phase distribution estimates, obtained from this ‘Composite 
Model’, agreed well with the measured phase distribution values. 
These on-line trial results not only validated DMC’s (now Radiometrie) basic approach 
of prediction model, based on neural network theory, but also suggest precautions to 
be observed in poi-ting the augmented gauge from one installation to another. 
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DMC is commercializing this augmented gauge (based on their existing zinc/iron gauge, 
incorporating the new software package, developed under this program) for continuous 
reading of the zinc/iron phase distribution in the galvanneal coating, using X-ray 
fluorescence and software analytical techniques. Thus, the project goal was 
successfully realized. 
However, the ‘training set’ data incorporated in the ‘Composite Model’ needs to be 
fine-tuned for each installation, by incorporating a few actual data points, specific to 
that installation. 
Future work may be directed to make this ‘training set’ completely site independent. 
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