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ABSTRACT FOR DOE F 241.3 ITEM J 
 

This project worked to improve the efficiency of the steel casting industry by reducing the 
variability that occurs because of process and product variation.  The project focused on the 
post shakeout operations since roughly half of the production costs are in this area.  These 
improvements will reduce the amount of variability, making it easier to manage the operation 
and improve the competitiveness. The reduction in variability will also reduce the need for many 
rework operations, which will result in a direct reduction of energy usage, particularly by the 
reduction of repeated heat treatment operations.  Further energy savings will be realized from 
the reduction of scrap and reduced handling.   

Field studies were conducted at ten steel foundries that represented the U.S. steel 
casting industry, for a total of over 100 weeks of production observation.  These studies 
quantified the amount of variability, and looked toward determining the source.  A focus of the 
data collected was the grinding operations since this is a major effort in the cleaning room, and 
it represents the overall casting quality.  The grinding was divided into two categories, expected 
and unexpected.  Expected grinding is that in which the location of the effort is known prior to 
making the casting, such as smoothing parting lines, gates, and riser contacts.  Unexpected 
grinding, which was approximately 80% of the effort, was done to improve the surfaces at weld 
repair locations, to rectify burnt on sand, and other surface anomalies at random locations.  
Unexpected grinding represents about 80% of the grinding effort.  By quantifying this effort, the 
project raised awareness within the industry and the industry is continuing to make 
improvements.  The field studies showed that the amount of variation of grinding operations 
(normalized because of the diverse set of parts studied) was very consistent across the 
industry.   

The field studies identified several specific sources that individually contributed to large 
process variation.  This indicates the need for ongoing monitoring of the process and system to 
quantify the effort being expended.  A system to measure the grinding effort was investigated 
but did not prove to be successful.  A weld wire counting system was shown to be very 
successful in tracking casting quality by monitoring the quantity of weld wire being expended on 
a per casting basis. Further use of such systems is highly recommended.   

The field studies showed that the visual inspection process for the casting surface was a 
potentially large source of process variation.  Measurement system analysis studies were 
conducted at three steel casting producers.  The tests measured the consistency of the 
inspectors in identifying the same surface anomalies.  The repeatability (variation of the same 
operator inspecting the same casting) was found to be relatively consistent across the 
companies at about 60-70%.  However, this is still are very large amount of variation.  
Reproducibility (variation of different operators inspecting the same casting) was worse, ranging 
between 20 to 80% at the three locations.  This large amount of variation shows that there is a 
great opportunity for improvement.  Falsely identifying anomalies for reworking will cause 
increased expense and energy consumption.  This is particularly true if a weld repair and 
repeated heat treatment is required.  However, not identifying an anomaly could also result in 
future rework processing, a customer return, or scrap.   

To help alleviate this problem, casting surface comparator plates were developed and 
distributed to the industry.  These plates are very inexpensive which enables them to be 
provided to all those involved with casting surface quality, such as operators, inspectors, sales, 
and management.   
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EXECUTIVE SUMMARY 

 
This project worked to improve the efficiency of the steel casting industry by 

reducing the variability that occurs because of process and product variation.  The 
project focused on the post shakeout operations since roughly half of the production 
costs are in this area.  These improvements will reduce the amount of variability, making 
it easier to manage the operation and improve its competitiveness. The reduction in 
variability will also reduce the need for many rework operations, which will result in a 
direct reduction of energy usage.  In particular, the industry will observe the reduction of 
repeated heat treatment operations.  Further energy savings will be realized from the 
reduction of scrap and reduced handling.   

One of the initial efforts of the project was a survey of steel casting producers on 
their insights about the quantity and source of casting process variation.  This indicated 
that the operator had a significant influence on the variation of processing times, and 
that welding and grinding were the most variable operations.   

Field studies were conducted at ten steel foundries that represented the U.S. 
steel casting industry, for a total of over 100 weeks of production observation.  These 
studies quantified the amount of variability, and looked toward deterring the source.  
Much of the data collected was from grinding operations since this is a major effort, and 
it represents the overall casting surface quality.  The grinding was divided into two 
categories, expected and unexpected.  Expected grinding is that in which the location of 
the effort is known prior to making the casting, such as smoothing parting lines, gates, 
and riser contacts.  Unexpected grinding, which was approximately 80% of the effort, 
was done to improve the surfaces at weld repair locations, to rectify burnt on sand, and 
other surface anomalies at random locations.  By quantifying the types of effort, the 
project raised awareness within the industry and the industry is continuing to make 
improvements.  The field studies showed that the amount of variation of grinding 
operations (normalized because of the diverse set of parts studied) was very consistent 
across the industry.   

The field studies identified several specific sources that individually contributed to 
large process variation.  However, none of these sources could be identified as the 
major reason.  This indicates the need for ongoing monitoring of the process and system 
to quantify the effort being expended.  A system to measure the grinding effort was 
investigated but did not prove to be successful.  A weld wire counting system was shown 
to be very successful in tracking casting quality by monitoring the quantity of weld wire 
being expended on a per casting basis. Further use of such systems is highly 
recommended.   

The field studies showed that the visual inspection process for the casting 
surface was a potentially large source of process variation.  Measurement system 
analysis studies were conducted at three steel casting producers.  The tests measured 
the consistency of the inspectors in identifying the same surface anomalies.  The 
repeatability (variation of the same operator inspecting the same casting) was found to 
be relatively consistent across the companies at about 60-70%.  However, this is still are 
very large amount of variation.  Reproducibility (variation of different operators inspecting 
the same casting) was worse, ranging between 20 to 80% at the three locations.  This 
large amount of variation shows that there is a great opportunity for improvement.  
Falsely identifying anomalies for reworking will cause increased expense and energy 
consumption.  This is particularly true if a weld repair and repeated heat treatment is 
required.  However, not identifying an anomaly could also result in future rework 
processing, a customer return, or scrap.   

To help alleviate this problem, casting surface comparator plates were developed 
and distributed to the industry.  These plates are inexpensive which enables them to be 

 1 



provided to all those involved with casting surface quality, such as operators, inspectors, 
sales, and management.  Improved work instructions for the cleaning operations are 
also recommended.   
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INTRODUCTION 
 
 
 This project worked to improve the efficiency of the steel casting industry.  The 
steel casting industry produces complex shaped components by directly pouring molten 
steel into a sand mold.  While this process can produce very complex components, the 
melting, heat treating, and processing is very energy intensive.  There has been a 
significant amount of research that has focused on the melting and pouring of the metal, 
including the design of the gating system to deliver the metal to the mold cavity.  The 
focus of this project was rather unique in its primary focus was on the operations after 
the casting was shaken out of the sand mold.  Roughly half of the cost to produce the 
casting is after shakeout. Improvement in these operations would improve energy 
efficiency directly reducing the amount of rework and its subsequent processing, 
handling, and repeated heat treatments.  A reduction in scrap would also be expected.   
 Partially due to the diverse mix of products, it is not commonly known how much 
process variation occurs.  Reasons for this variation are also not known or can be easily 
quantified.  Potential sources include product quality at shakeout, previous cleaning 
room operations, operator variability, or variability in the inspection process or customer 
requirements.  This variability makes it difficult to manage or schedule the operations, 
and to meet the increasingly shorter lead times being demanded by customers.   
 A first step in this project was to survey the industry on their perceptions of 
variability, its magnitude, impact and sources.  This practical knowledge from steel 
casting producers gave valuable direction to the research team.   
 A centerpiece of the research project was field studies conducted at ten steel 
foundries, for a cumulative total of just over two years of production history.  Field 
studies were collected at a wide range of companies that represented the industry well, 
other than the absence of major railroad casting producers.  The companies produced 
castings from a pound to over ten tons, in multiple alloys and using the three major 
molding mediums (chemically bonded, shell, and green sand).  This spectrum of 
companies showed that process variability was pervasive.  The body of this report 
shows that the amount of variation was remarkably quite similar, given the diverseness 
of the companies that were studied.  This report also highlights that there are several 
reasons for this variability that proves the need for ongoing data collection to be able to 
respond to changes in the production environment.   
 Another effort was to develop better ways to monitor process and product 
variability.  This information could then be used to improve the energy and production 
efficiency of steel foundries.  Attempts were made to monitor the hand grinding process.  
The goal was to measure the amount of energy draw to the machine, and correlate this 
with the amount of material removed.  The amount of material removed would be a 
decent measure of product quality.  These attempts were not successful, because the 
typical high frequency grinding units (in which the industry is moving towards) would 
alter the power supplied to the tool to protect it from overloading.  These attempts were 
abandoned.  More success was had at monitoring the welding process.  The field 
studies showed the grinding effort for welding repair was very variable, and the 
remainder of the grinding was quite predictable for a particular casting type. This lends 
credence to an assessment method for just the welding operations.  Weld wire counters 
were used at three companies during the development.  One company is continuing to 
use the counter and will likely report the benefits in future publications.     
 The field studies revealed that the visual inspection process of the casting 
surface had a tremendous role in the effort that was expended in the cleaning room.  
Because of this impact, further studies were warranted.  Detailed measurement error 
studies were conducted at three plants on the visual measurement process.  This 
showed that the operators could consistently identify a surface indication for repair only 
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30 to 70% of the time.  The inspection task is very subjective, and it is difficult to 
precisely communicate the customer requirements.  Subjective measurements in other 
areas (radiograph interpretation, medical imaging) are also prone to variability, which 
demonstrates that this problem is not unique to steel casting inspection.  A unique 
methodology was developed to carry out the measurement system analysis.  This 
subject is continuing to generate interest within the industry, and technology transfer is 
still occurring at the time of this report.  Two workshops on related measurement error 
problems were conducted within the industry, radiograph interpretation and metallurgical 
point counts.   
 This large amount of measurement error warranted a look at how casting quality 
requirements are communicated among plant personnel.  The research team developed 
an inexpensive comparator plate that could be used by companies to improve 
communications among operators, inspectors, supervisors, managers, and sales 
personnel.  Sample plates and materials to make new ones were distributed to several 
interested steel casting producers.  Some companies have adopted these or similar 
plates in their operations and have seen improvements.   
 This project received strong industrial support both in terms of hosting on site 
researchers and participated in the technology transfer activities.  Technology transfer 
was conducted at several national and regional industry meetings.  At the time of this 
report, four of the research assistants from the project are employed by the steel casting 
industry and are working on problems directly related to those addressed by the project.  
This is the most direct form of technology transfer.    
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BACKGROUND 
 

The steel casting industry makes a wide variety of complex shaped components.  
The wide range of product geometry and size has hindered the industry’s ability to 
develop streamlined manufacturing systems.  The inherent fact that the products are 
produced by pouring molten steel into a sand mold means that there is an opportunity for 
process and product variability. Roughly half of the expense of producing a steel casting 
is incurred after shakeout, therefore, much of the effort of this project focused on those 
areas. Previous work at Iowa State University showed that there is much disruption in 
the production systems within steel foundries due to the wide variation of product quality. 
1-3 This disruption leads to longer lead times, more energy expended on extra processing 
and heat treatment cycles, and excessive handling.  The work also showed that an 
average of 8% of the direct labor was used for casting upgrading by welding.  If you 
assume that the grinding required before and after welding is equivalent, then 1/6 of the 
direct labor costs has the potential to be eliminated.   Variability also makes it difficult for 
managers to control their foundry or accurately predict lead times.   
 Goals of this research project were to reduce energy consumption, reduce variability, 
and improve overall efficiency of steel foundry operations, which would enhance the 
economic competitiveness of the steel foundry industry.  This project analyzed the 
production systems to determine how much process variation exists, investigated ways 
to control the variability, and also developed a system for routinely collecting product 
variability.   

The research was conducted by Iowa State University.  The research team 
conducted field studies at ten steel foundries to measure and monitor casting process 
variables and their effect on process variation.  Results were studied to identify areas 
that will provide the greatest benefits from better controls and improved casting process 
practices. The objective was to provide steel foundries with the necessary understanding 
and expertise to improve their manufacturing systems.  The project was composed of 
four interrelated components:  1) assess current industry perceptions on variability, 2) 
measure and quantify the variability, 3) investigate the effect of variability, and 4) 
propose improved methods to measure and minimize variability.   
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SECTION 1) ASSESSMENT OF INDUSTRY PERCEPTIONS OF VARIABILITY 
 
One of the initial efforts was to assess the current industry perceptions 

concerning process variability so that the project objectives could be further focused.  A 
survey was sent to all Steel Founders' Society of America (SFSA) member foundries, 21 
responses were received.  The goal of the survey was to collect information related to 
the variation of steel casting operations.  Each foundry received identical surveys asking 
questions that involved quality assessment, processing time issues, and scheduling.  
Additional questions involved scrap issues, incentive programs, and bar coding 
technology.  The results from this survey will be reviewed here. 
 Table 1 outlines the major factors influencing the quality of castings.  This 
information comes from the question asking which 3 factors most strongly influence the 
quality of your casting.  The responder ranked each response according to importance.    
From these responses, the most important was given a value of 5; the other two were 
assigned a value of 4 and 3, respectively.  These values were summed for the total 
number of responses in all the surveys to score the factors influencing casting quality.   
 

Table 1: Factors that most strongly influence the quality of casting. 
 1st 

Place 
2nd 

Place 
3rd 

Place 
Ranked 
Score 

Human Factors 5 3 3 46 
Casting/Molding Design 3 4 3 40 
Material Cleanliness/Quality 1 5 3 34 
Pouring 4 1 1 27 
Procedures 2 1 1 17 
Core/Molding Area 2  1 13 
Soundness 1 1  9 
Cosmetics 1  1 8 
Customer Requirements  1  4 
Mach inability  1  4 
Miscellaneous  1  4 
Cleaning Room   1 3 
Internal Communications   1 3 
Monitoring Process Control   1 3 
Pattern Equipment   1 3 
 
 
 Figure 1 gives an outline of the most common factors that influence the time 
involved in cleaning and finishing room operations.  This data comes from the survey 
question asking what factors most strongly influence the time required for the cleaning 
room/finishing operations for a particular batch of casting.  Only those responses that 
had a frequency of at least 2 were shown.   
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Figure 1: Factors that influence process times in cleaning and 
finishing room operations 

 
 Another survey question asked if finishing employees were working on castings 
too long and how.  The results, shown in Figure 2, were very sporadic so the 
significance is weak.  
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Figure 2: Reasons for working on castings too long. 
 
 Tables 2 and 3 are derived from the questions concerning variability of 
processing times.  The survey asked the respondents to describe the variability in 
processing times associated with each operation. For instance, if the average grinding 
time for a group of castings is about 20 minutes, and most (i.e. about two-thirds) take 
between 15 and 25 minutes, the spread of values is 10 minutes, or 50% (+- 25%) of the 
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mean value.  This table gives the percentage of response for each measure.  The last 
column provides an average value of the responses for each operation.  The survey also 
asked for responders to describe the general shape of variation. Table 3 shows the 
general shape of the variability curve from the responses on the survey.  Figure 3 gives 
an example of the three curve shapes.   
 

 
 
 
 
 
 
 
 
 
 
 

Figure 3: Shape of variability curves. 

Blue:  Skewed to the Low Side 
Red:  Symmetric 
Green:  Skewed to the High Side 
 

 
 
 

Table 2: Percent of responders per percent variation of mean value. 

 

Operation 20% 50% 80% 100% 200% Average
Riser Removal 71.4% 9.5% 0.0% 0.0% 0.0% 23.5%
Arc Air 57.1% 14.3% 0.0% 0.0% 0.0% 26.0%
Welding 0.0% 33.3% 14.3% 19.0% 0.0% 70.7%
Initial Grinding 33.3% 19.0% 14.3% 9.5% 0.0% 48.8%
Final Grinding 38.1% 33.3% 4.8% 0.0% 4.8% 46.5%
Heat Treatment 71.4% 4.8% 0.0% 0.0% 0.0% 21.9%
Visual Inspection  61.9% 4.8% 9.5% 0.0% 0.0% 29.4%
Mag & Penetrant 
Inspection 

42.9% 14.3% 9.5% 0.0% 0.0% 35.0%

Other sources      
Processing times due 
to Different Employees 

28.6% 23.8% 4.8% 14.3% 0.0% 50.0%

Quality Measured at 
Shakeout 

     

Different casting types 
at same heat 

33.3% 19.0% 0.0% 0.0% 0.0% 30.9%

Same casting type 
from same heat 

38.1% 9.5% 0.0% 0.0% 0.0% 26.0%

Same casting type 
from different heats 

14.3% 33.3% 0.0% 0.0% 0.0% 41.0%
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Table 3: Percent of responders per shape of variation curve.   

Operation Symmetric Skewed 
low 

Skewed 
high 

Riser Removal 47.6% 9.5% 0.0% 
Arc Air 38.1% 9.5% 4.8% 
Welding 14.3% 19.0% 19.0% 
Initial Grinding 33.3% 19.0% 4.8% 
Final Grinding 28.6% 23.8% 4.8% 
Heat Treatment 38.1% 14.3% 4.8% 
Visual Inspection  33.3% 19.0% 4.8% 
Mag & Penetrant Inspection 28.6% 19.0% 4.8% 
Other sources    
Processing times due to Different 
Employees 

33.3% 0.0% 14.3% 

Quality Measured at Shakeout    
Different casting types at same heat 28.6% 0.0% 4.8% 
Same casting type from same heat 28.6% 4.8% 0.0% 
Same casting type from different heats 19.0% 4.8% 9.5% 
 
 
 
 Figure 4 displays the responses to the question, which asked for the major 
causes of scrap.  Due the wide variety of answers, only those answers with a frequency 
of 2 or higher were included in the chart.  
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Figure 4: Major causes of scrap. 

 
 As a follow-up to a survey conducted a few years ago by the research team, a 
question was posed about the major considerations in the generation of the molding and 
pouring schedules.  Figure 5 outlines these responses.    Each response was counted 
and the percentages come from the sum of each response divided by the total number 
of surveys received.  The “other” category consists of dollars, delivery dates, pallets to 
put molds on, customer requirements, and number of ladle pours per heat.   
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Figure 5: Major considerations for daily molding and pouring schedule. 
 
 Figure 6 describes the scheduling of cleaning room operations.  This information 
is taken from the question asking how cleaning room operations are formally scheduled.  
Once again, there were several different responses.  In order for a response to be 
included in the chart, it needed to appear 2 or more times in the survey.   
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Figure 6: Scheduling of cleaning room operations. 

 
 
 Figure 7 shows the uses of bar code technology within foundries.  Only a small 
number of foundries use bar coding for their production so each response was 
considered significant.   
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Figure 7: Bar coding use. 
 
 
 
 In summary, the sample space of responses was small making conclusions 
difficult to make.  However, the response most commonly received for quality issues 
was human factors and the most common responses for process time influences in 
cleaning/finishing room operations were quality issues.  Human factors are also 
listed as the most common reason for working on castings too long.  The Average 
column from Table 2 directly identifies human factors such as grinding and welding to be 
associated with the highest variation in time.  Directly and indirectly, human factors are 
most associated with the variation of steel casting operations. 
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SECTION 2) MEASURING AND QUANTIFYING VARIABILITY 
 

A major portion of the project effort was the field trials at steel casting producers 
to determine the quantity and source of variation of steel casting operations.  During the 
summers of 2002, 2003, and 2004, eight researchers individually visited 10 foundries, 
which represented a large variety of casting sizes, types and molding processes.  Each 
foundry was found to be relatively unique in the processes used and functions of the 
castings produced.  During these time periods there was a wide range of castings being 
produced including both large (10 ton) and small (2 lbs) castings in multiple industries 
including automotive, mining, pumps & valves, transportation, industrial, and 
construction equipment.  The molding processes included no-bake, green sand, and 
shell molds with a wide range of cleaning processes with the majority including blasting, 
torching, sawing, swing grinding, hand grinding, pencil grinding, belt grinding, and snag 
grinding.  A random number was generated for each foundry visited and each particular 
casting to maintain confidentiality and organizational purposes.   
 The project attempted to separate variability caused by human factors from those 
caused by quality issues.  The main focus was the cleaning room because of the amount 
of human/part interaction.  The effect of quality issues was studied indirectly on the 
amount of process time for production.   The focus began with variability in grinding.  
 The researchers began the data collection by speaking with managers, 
supervisors, and workers to learn the system and explain the reason for their visit.    In 
speaking to the floor workers, the researchers were able to determine how castings 
flowed through the foundry and the castings that would be the best to track. 
 The castings need to be marked so quality issues and process times on 
particular castings could be recorded and organized. The preferred method was 
stamping binary code on the castings using a center punch on a non-critical surface or a 
surface to be machined.  It was found this method was robust enough to survive heat 
treatment and blast, but small enough not to interfere with the operations conducted on 
the castings (Figure 8).  Table 4 shows how the code was interpreted.  
 
 
 

 
 

Figure 8: Example of binary marking on cast surface. 
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Table 4:  Sample of binary code system. 
                  * * *   * * ** 
        

0 * 
  * * *

21 * 
        

42 * 
  * * *

63 

              *   * * *         * 
      * 

1 * 
  * *   

22 * 
      *

43 * 
*       

64 

      *       *   * *           * 
        

2 * 
  * * *

23 * 
    *   

44 * 
*     *

65 

      *     *     * *         ** 
      * 

3 * 
  *     

24 * 
    * *

45 * 
*       

66 

            *     * * *       ** 
    *   

4 * 
  *   *

25 * 
    *   

46 * 
*     *

67 

            * *   * * *         * 
    * * 

5 * 
  *     

26 * 
    * *

47 * 
*   *   

68 

      *     * *   *             * 
    *   

6 * 
  *   *

27 * 
  *     

48 * 
*   * *

69 

      *     *     *           ** 
    * * 

7 * 
  * *   

28 * 
  *   *

49 * 
*   *   

70 

 
 

 Data collected by the researchers can be separated into two categories:  
descriptive data and process data.  Descriptive data is information that relates to type of 
mold used, alloy, casting size and weight, number area of defects on the castings, and 
other information that describes what was used to build and identify the casting.  The 
characteristics measured include length and area of parting lines and casting defects.   
The defects measured included, but were not limited to: inclusions, burnt-on-sand, run-
out, cracks, porosity, misrun, and shrinkage.  The measurement of the remaining volume 
of the gates and risers to be removed was also collected.  The volume was calculated by 
measuring the height as well as the area of the remaining gate/riser. For large castings, 
exceeding 100 lbs, the measurement of the area/volume needed to be ground was 
collected due to difficulty in measuring surface defects.  After marking and measuring 
the characteristics of the castings, the researchers timed the grinding processes for each 
of the marked castings.  For each of the large castings, the researchers also measured 
the area/volume of the casting ground. 

Process data refers to any data that describes the work involved with the casting.  
This includes length of time for the process, operator involved with process, time of day 
for process, and movements of the casting in the foundry such as through welding, 
grinding, and inspection.    Process data unlike descriptive data could be influenced by 
the research.  To avoid this possibility, researchers used a consistent method of timing3.  
Time for an operation was started at first contact between the operator and the casting.  
Timing was stopped at last contact.  Any communication between the operator and other 
personnel and other ancillary tasks were not included in the time.  However, at two field 
locations the data collection was expanded to include the actual processing times (as in 
the past) and the time the operator was doing ancillary tasks.  The value of the actual 
processing time data is that it is a measure of casting quality.  The other time is 
important to monitor because this is a measure of the effectiveness of the manufacturing 
system.   
 During the progression of the project, processing times had to be further 
defined in order to separate human factors and quality issues to certain extent.  The 
processing times included expected grinding times, unexpected grinding times, welding 
times, and rework times.  Expected grinding is defined in this paper as grinding on 
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parting lines and contact areas.  This work is expected to be done on every casting and 
the location is known a priori.  Variations in this work are heavily dependent on human 
factors.  All other grinding performed on the casting is defined as unexpected grinding, 
which includes grinding on defects such as burn-on/in sand, penetration, run-out, cracks, 
porosity, misrun, and excessive flashing.  These processing times are a combination of 
human factors and quality issues.  In addition to unexpected grinding, the research team 
considers welding as an unexpected process.  Welding is considered unexpected 
because the amount and location of welding done to each casting is unknown.  
However, there are instances where welding can be considered an expected process, 
such as welding to close a chaplet area.   The decision to monitor unexpected and 
expected processes was made at the suggestion of the SFSA Carbon & Low Alloy 
Research committee.  The intent is to quantify the amount of processing which is 
attributable to preventable causes.   

The cleaning room processes were also divided into the amount of time for 
rework operations.  Rework is defined as any work that is in addition to the expected 
process plan.  The premise is that this additional work is further encumbering the 
production system since it disrupts the planned flow of the product.  This assumption is 
also used to determine the percentage of castings that are completed the first time 
through the process, or without rework.  Note that the amount of rework by this definition 
is dependent on how the plant defines their expected process plan.   
 The researchers also collected other information for a few selected castings.  
These include heat treatment times and temperatures and upstream information such as 
chemistry, steel height in the ladle, ladle temp, pouring duration, pouring temp, heat 
sequence, mold quality, and weather conditions at pouring time.  The collection of the 
data was relatively simple, in most cases, because the data was clearly graphed by the 
pour requirements, pouring and mold schedule, and heat treatment system.  However, 
these processes are a significant source of energy consumed, and therefore of interest 
to the project. 
   
Process Variability Measurements At Steel Foundries 

   
Processing times were separated into type of operation.  For instance, hand 

grinding was considered different than swing grinding and analyzed separately.  To 
provide a measure of variation of processing times, the times were normalized by 
dividing each process time by the median time for that operation on that particular 
casting.  The frequency of observations for set ranges was calculated giving the 
distribution for each type of operation.  Therefore, processes having times that are 
nearly the median time consistently will be centered on the value of 1.  Whereas 
processes having the majority of times above or below the median time will be skewed 
to the right or left, respectively. 

Hand grinding was studied in-depth because of the uniformity in use across the 
industry to clean castings.  It is considered by industry to be a source of considerable 
variability.  Figure 9 is comprised of 942 observations (or individual castings).  Since the 
number of observations at each foundry varied, the histograms of Figures 9-11 are 
shown as frequency percentage to allow easy comparisons of the foundries.  Figure 9 
shows data for the total amount of hand grinding for a casting, which is the sum of the 
expected and unexpected grinding operations as explained earlier. 

 The distribution in Figure 9 is interesting.  Each foundry follows a similar 
distribution in normalized time.  The high frequency about the normalized value of 1 
indicates that the grinding time is fairly consistent in the total time they spend working on 
a particular casting.  However, the data also shows a significant amount of times above 
the value of 1.5, which indicates that these parts took at least 50% longer than the 
median time for that type of part.  For all foundries, 11% of the normalized grinding times 
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are past the value of 1.5 times the median value.  Some specific causes of this high 
variability will be discussed later.   

After the first year of field studies, the project changed the focus in order to 
separate expected processes from unexpected processes.  Figures 10 and 11 display 
normalized times for expected and unexpected hand grinding times for seven of the 
foundries from Figure 9 in which separated date was collected.  In general, the expected 
grinding has less variability in its distribution than unexpected grinding because the data 
is more tightly centered around the value of 1.  In Figure 10, 14% of the data for 
expected grinding operations are greater than 1.5 times the median, versus 22% of the 
data for unexpected grinding in Figure 11. 

Table 5 shows the division of the total grinding into expected and unexpected 
categories, for each part at each foundry.  At most foundries, the amount of unexpected 
grinding was greater than the expected amount.  This indicates a large opportunity for 
improvement. The coefficient of variation (COV) is used to provide a quantitative 
comparison between the total, expected, and unexpected hand grinding times for each 
foundry.  A COV is calculated for each type of casting by dividing the standard deviation 
of the processing times for that part number by the mean value.  The COV for each 
foundry is a weighted average for the COV values for each part number.  The weighting 
was based on the number of castings measured for that particular part number.  The 
weighted COV values for each foundry are displayed in Table 6.  There was no 
correlation between the COV values and the size of castings, or markets served (i.e. 
pump/valve industry).   

One noticeable exception is foundry #39; the researchers feel that this is a result 
of over grinding (going past customer specifications) and not utilizing arc air effectively to 
smooth out some areas of ‘expected’ grinding.  This also is a large opportunity for 
improvement.  Note that in Figure 10, Foundry #39 had some observations that were 
quite lower than the median.  These data points were the result of the researcher 
supervising the cleaning operation, and eliminating much of the unnecessary over 
grinding, and by appropriately using arc air.  Foundry #39 produces castings larger than 
1000 pounds.   
 Pencil grinding operations were separated from hand grinding operations due to 
being used for a finer finish than rough grinding.  This chart (Figure 12) still gives 
evidence of a bell-shaped curved centered near 1, but the tail of the curve trails to the 
right giving indications that sometimes the operations take much longer than the 
average.  Overall this process is similar to unexpected hand grinding because the 
location of grinding to be done is not known a priori.  Further research into the variability 
of this operation was not done because of limited use in the industry to certain 
applications, and generalizations can be drawn from unexpected hand grinding that can 
be applied here.  
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Foundry 74- Total Hand Grinding
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Foundry 29- Total Hand Grinding
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Foundry 39- Total Hand Grinding
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Foundry 27- Total Hand Grinding
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Foundry 17- Total Hand Grinding
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Foundry 32- Total Hand Grinding
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Foundry 87- Total Hand Grinding
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Figure 9: Distribution of normalized total hand grinding times for foundries. 
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Foundry 88- Expected Hand Grinding
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Foundry 29- Expected Hand Grinding
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Foundry 39- Expected Hand Grinding
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Foundry 17- Expected Hand Grinding
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Figure 10: Distribution of hand grinding times to complete expected 

grinding operations for various foundries. 
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Foundry 88- Unexpected Hand Grinding
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Foundry 16- Unexpected Hand Grinding
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Foundry 74- Unexpected Hand Grinding
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Foundry 29- Unexpected Hand Grinding
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Foundry 39- Unexpected Hand Grinding
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Foundry 17- Unexpected Hand Grinding
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Figure 11: Distribution of hand grinding times to complete 

unexpected grinding operations for various foundries. 
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Table 5: The breakdown of hand grinding time into expected and 
unexpected categories.

  
  

 

Foundry 
Part 

Weight 
(lbs) 

% 
Expected 

Time 

% 
Unexpected 

Time 
100 43% 57% 
100 55% 45% 
100 66% 34% 

29 

<25 79% 21% 
<25 25% 75% 
100 58% 42% 
500 25% 75% 
250 29% 71% 
250 45% 55% 
250 72% 28% 

1000+ 47% 53% 

27 

<25 56% 44% 
1000+ 89% 11% 39 
1000+ 91% 9% 

Foundry 
Part 

Weight 
(lbs) 

% 
Expected 

Time 

% 
Unexpected 

Time 
50 46% 54% 
100 50% 50% 
100 30% 70% 
50 56% 44% 

17 

50 80% 20% 
100 12% 88% 
100 13% 87% 
250 10% 90% 
50 8% 92% 

16 

50 9% 91% 
50 53% 47% 

<25 38% 62% 74 

250 29% 71% 

 
 

Table 6.  COV calculated at each foundry for total, expected, 
and unexpected hand grinding times.  

 

Foundry Total Expected Unexpected 
88 0.33 0.32 0.76 
16 0.21 0.21 0.23 
74 0.38 0.41 0.47 
29 0.26 0.28 0.52 
39 0.26 0.34 0.20 
27 0.29 0.30 0.41 
17 0.47 0.45 0.68 
32 0.20 na na 
87 0.24 na na 
43 0.30 na na 
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Figure 12:  Normalized pencil-grinding times from foundries 

43, 87, and 32. 
 

In addition to hand grinding, other operations in the cleaning room have expected 
processes.  Burning off gating system is known based on the pattern design.  Additionally, 
swing grinding is designed for specific applications that are known beforehand.  These 
two expected processes showed low variability, which are shown in Figures 13 and 14.  
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Figure 13: Distribution of times required to burn off gating system and 

risers. 
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Figure 14: Distribution of times required for swing grinding at 
expected locations. 

 
The information reported above for work done on the castings includes rework.  

Industry has defined ‘rework’ as many different things.  For the purpose of this research, 
we are defining ‘rework’ as any operations that are in addition to what is planned for the 
part3.  If the company plans on grinding and welding on the casting twice, the rework for 
that part at that plant would be the third iteration of grinding or welding.  The rework time 
was included in this work as part of the unexpected operations.  Previous research has 
shown that first time through percentages are a major contributor to increased material 
handling, work in process, and lead times2, 3.  Table 7 shows the percentage of castings, 
which could be shipped after undergoing the planned operations (which likely included 
welding and at least one grinding operation).  The average 1st time through percentage is 
59%.  The impact of this rework on the cleaning room will be discussed later in the paper.   

 
Table 7: Data collected for 1st time through for castings for individual 

castings at multiple foundries.   

Part 
Total Number 

of Parts 
Number of Parts 

Reworked 
First Time 
Through % 

A 18 10 44% 
B 54 30 44% 
C 20 10 50% 
D 125 12 90% 
E 240 113 53% 
F 21 12 43% 
G 26 17 35% 
H 142 52 63% 
I 30 25 17% 
J 38 14 63% 
K 24 9 62% 

Total 738 304 59% 
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Some Case Studies to Illustrate Process Variation Challenges 
 
Each step in the process to make a casting contributes to or detracts from the final 

overall quality.  Nowhere is this more evident than in the cleaning room.  However, current 
practices in many foundries attempt to overlook the cleaning room by not measuring the 
work going into it.  By not understanding what is entering the cleaning room, foundries 
cannot effectively form a course of action to improve their process plan.  Each of the ten 
foundries that participated in the study has different manufacturing systems, and there is 
not a single improvement that can be implemented to solve cleaning room variability.  
Solutions come by diligently managing and monitoring the cleaning room operations.  The 
following are some examples from several of the foundries to illustrate the types of 
problems and solutions, which occur in steel casting operations.   
 
Variability of Value Added Time  

At one foundry, eight different casting types representing 92 total castings, ranging 
from 8-1000 pounds were tracked from shakeout to shipping.  For each operation, a time 
was recorded for the total time that each part was at each station. This time started as 
soon as the part entered the booth and ended as the part left the booth. The value added 
time, or time spent actually processing the part at each station (i.e. cutting, welding, 
grinding), was also recorded for each operation.  The operations observed included 
abrasive cut off of gates and risers, arc air of gates and risers, initial hand grinding, 
welding and weld preparation (in some cases this was just welding and in other cases it 
included defect removal via grinding or arc air), and finish hand grinding after all welding 
is complete.  Table 8 below shows the average percentage of time spent adding value at 
each operation. 

For all of the operations, there was a minimum of 28% of the time for each 
operation that was spent performing non-value adding functions.  The non-value added 
time includes material handling of the castings, time spent searching for tools or other 
materials needed, tool changes, water breaks, and friendly chats with people passing by. 

Table 8 shows that of all of the operations observed, welding was the least 
efficient and most variable.  In many cases, the welding that was done to the castings 
took little time, but required a great deal of material handling to get the defective area in 
an orientation where it could be welded properly.  The welding operations were highly 
variable for a number of reasons including differences in the severity of the defects being 
repaired, different welding process being used, and different weld procedures required for 
each alloy.  

The low efficiency of the abrasive cut off operation can be attributed to the 
excessive handling involved in getting the casting positioned to where it needs to be cut.  
Part specific fixtures to reduce the amount of time needed to align the parts in a timelier 
manner were initially determined to be economically impractical because of the job shop 
nature of this particular foundry.  However, this obviously is an area that should continue 
to be investigated for improvements.  

The amount of value added time is investigated on a part weight basis in Figure 
15.  As the casting weight increases the efficiency of the operation decreases.  This is 
partly because the larger castings are more difficult to manipulate and more time is spent 
handling and reorienting the castings as they are cleaned. 

Another potential improvement is to combine welding and grinding at the final 
rework station.  Since much of the time the part is in the booth in consumed by positioning 
the part, it would be beneficial for the welder to immediately grind the spots that are 
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welded.  There seems to be much resistance to this type of combined booth, because the 
welder’s time is highly valued.  Given the opportunity to remove significant processing 
time, this is an area that needs to be visited. 

 
Table 8:  Percent of time spent adding value at each operation. 

Casting 
# 

Casting 
weight 
(lbs) 

Abrasive 
cut off of 
gates and 
risers (%) 

Arc air 
cut off of 
gates and 
risers (%) 

Rough 
grinding 

(%) 

Defect 
removal 
and weld 
repair (%) 

Finish 
grinding 

after 
welding 

(%) 
1 8 37 NA 87 73 85 
2 19 55 NA 87 17 69 
3 108 42 76 70 25 53 
4 200 NA 34 82 34 72 
5 312 NA 68 59 48 51 
6 478 60 71 65 65 48 
7 842 NA 52 39 23 50 
8 1041 39 68 45 26 62 

Average 47% 72% 71% 41% 63% 
Standard deviation 10 16 18 21 13 
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Figure 15:  The effect that casting weight has on the % of time spent 

adding value for various operations. 
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Variability Caused by Molding  
A 150 lb casting was tracked over the course of 2 ½ months with data for 181 

castings collected.  The information recorded was the number, size, and type of defect 
that casting had before welding and grinding as marked by an inspector.  When the total 
area of defect is plotted versus the heat of each individual casting, interesting trends 
appear in Figure 16.  First, around heat 22 or 23 as marked with a line on the graph, the 
defective area appears to decrease.  Apparently, the company was using a bad batch of 
resin.  Their supplier sent a fresh supply of good resin to the company during this time 
period.    The mean value of the defect area decreased from 11.1 to 3.7 square inches 
when the new binder was implemented.  This difference was statistically significant.   

While this data clearly shows the impact of this molding problem, the problem was 
not identified through the use of this data since the data collection commenced while the 
problem was occurring.  However, this data gives evidence that the cleaning room 
resources should be monitored to determine system changes.   
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Figure 16.  The total surface area of the casting marked for upgrading 
for a 150 lb casting over a 3-month period. 

 
 
Variability Caused by Design 

Rigging or pattern design can have a serious impact on rework.  For a particular 
casting (15 lbs) studied, the expected process plan was shot blast, heat treat, shot blast, 
grinding, and inspection.  The plan does not include welding; however, inspectors 
indicated that a significant proportion of this casting was sent to welding.  The reason was 
that the gating system at two locations was on critical areas of the casting.  The 
consequence was that the areas were gouged out too much by either arc air and/or 
grinding.  The researcher investigated the cause of the defect with its resultant effect on 
process path and time.  Thirty parts were selected randomly from three heats and taken 
from its normal process path to an inspector after having the gates removed, heat treat, 
and shot blast.  The inspector separated out the parts into four groups: both gates cut 
perfectly, one gate could be cut closer, both gates could be cut closer, and one or both 
require welding because gouged.  The groups are listed in order of worsening outcome; 
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the results are shown in Table 9.  Table 9 also includes the results for a similar lot of 
castings when inspected by a committee of grinders.  The startling trend is that for this 
part, which the company expected not to weld, more than one fourth were cut too deeply 
as identified by either an inspector or a committee of grinders.  The reason for this 
problem is that arc air had difficulty removing the gates.   

The percentage of this casting that required welding was observed by the 
researcher to not solely be caused by riser removal, but that the grinders also 
unknowingly added a few by over grinding.  After every casting of the thirty passed 
grinding, they followed the planned process path to inspection.  A different inspector 
marked defects for welding.  Comparing the pre-grind inspection with the post-grind 
inspection, welding done on the casting can be attributed to the following sources shown 
in Table 10.   

These castings studied were then followed to determine the amount of rework time 
for welding and grinding.  After rework, the castings were then sent to visual inspection 
again.  After following the entire process, the researcher observed that 13 of the 30 did 
not pass final inspection.  Those thirteen casting were scrapped because multiple times in 
the loop meant multiple shot blasting.  The blasting wore off essential part identification 
customer requirements.  The company lost 44% of the grinding and welding time put into 
the lot of parts. 
 

Table 9: Inspection results of a 15 lb casting based on a gate contact. 
 Inspector Grinders 
# of Parts 
Studied 30 88 

Perfect 17% 33% 

1 Gate 
Cut More 23% 27% 

2 Gate 
Cut More 20% 11% 

Weld 40% 28% 

  
Table 10. Error sources that caused welding for a 15 lb casting. 

Source of Defect   
Riser Removal 36% 

Grinding 28% 
Molding/Pouring 32% 

Other 4% 
  
 
Variability with Inconsistent Process Plan 

Another source of variation encountered in the cleaning room was the absence of 
a fixed process plan.  It was observed in at least two foundries that the process plan was 
highly variable sometimes changing from day to day and even between the morning and 
afternoon shifts depending on who was in charge and their preferences.   
At one foundry, the researcher observed that a company decided to save time by 
changing its process so that the castings would be welded before any grinding.  This was 
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done to eliminate one step of transporting and waiting for grinding.  The decision seemed 
feasible, and the first shift worked over forty parts in this fashion.  After lunch, the 
researcher discovered that the castings were not following the new process plan, but 
were being ground first, then welded, as in the original process plan.  The afternoon shift 
supervisor decided to revert back to the original process plan.  His explanation “No one 
conferred with him about the matter,” and “The new process plan was going to overwhelm 
the welders and leave the grinders with no work for the first couple days.”   In a matter of 
8 hours, two major changes in the process plan were made.  One by the management 
and the other by the one supervisor who decided he didn’t like it.  Interesting, nothing 
more was said afterwards.  Communication is important in the industry especially with 
those that are directly involved with implementing improvements. 

At another foundry producing large castings, the use of blasting was highly 
variable.  Some supervisors tried to keep the blast cleaner open in case a casting that 
was ready to be shipped required it.  This resulted in castings being processed in the 
cleaning room without the benefit of the blast cleaning, resulting in longer processing 
times.  Second shift utilized the blast cleaner much more, so the casting surfaces could 
be observed by the operators.    

 
Variability Varies from Casting to Casting 

Multiple parts were studied for variability in quality or size of defects with time to 
grind defects.  The result is that correlations between grind time and casting quality is 
dependent on the casting and not on the size of defects.  Some exhibited good 
correlations between size and time, while others no correlations could be found.  Without 
having a common variable between castings that relates to the grind time, minimizing 
variability in the grinding process by reducing that variable is not feasible. 

The first of these is a casting poured 8 per mold with a finished weight of 3 lbs.  
The maximum wall thickness is 0.25” and largest dimension is 9”.  No cores are used on 
the part, no filter is used in the mold, and the casting is made in a shell mold.  The 
operations studied were grinding.  The first grinding operation involved the grinding of two 
through-holes on the part.  The grinding was done to remove flashing from the holes until 
a gage would fit.  The time needed to grind the flashing from the holes was then 
measured and recorded.  The second pencil grinding operation dealt primarily with burnt-
on-sand & surface porosity.  The parting lines were removed from this particular part via 
snag grinding, so the team felt the time to grind the parting lines would be dependent on 
the volume of material removed.  The team thought strong correlations between quality 
and cleaning time would be widespread with this particular part, but as it turned-out this is 
not the case.  The majority of the correlations between quality and process time were less 
than .10. 

Data was also collected on rework for this casting.  The history of this particular 
casting shows a very little scrap/rework at nearly 2%.  The distributions of grinding times 
are shown in Figure 17.  The times for rework are considerably lower and skewed to the 
far left, while the distribution for the initial grinding time is normally distributed.  However, 
the distribution for “Total Grind” time is slightly skewed to the right and with a greater 
average than the “Initial Grind” times.  This shows that rework has quite an impact on total 
processing time, which limits the predictability of the processing times. 
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Figure 17:  Distribution of grinding times on first casting. 

 
The second casting evaluated by defect size and processing time was poured 4 

per mold with a finished weight of 12 lbs.  The maximum wall thickness of 0.50” with the 
largest dimension 7.5”.  The part consists of 6 shell cores and a 16-hole strainer in a shell 
mold.  The first cleaning operation consisted of removing the parting lines via snag 
grinding.  The analysis of the data collected shows a strong correlation (R2 =.58).  This 
correlation is very surprising based on the amount of variation in processing times (2/3 the 
average).  The pencil grinding mainly consists of the grinding of burnt-on-sand.  The 
correlation of these two factors was also strong (R2 =.52).  The strength of the correlation 
is even more impressive with analysis because the variation in processing time for this 
operation is nearly five times the average time. 

The third casting evaluated by defect size and processing time was poured 8 per 
shell mold with a finished weight of 4 lbs.  The maximum wall thickness of the casting is 
0.45” with a 4.5” diameter as the largest dimension on the casting.  The part has no cores 
and the mold includes a 16-hole strainer.  The analysis involved the correlation between 
the volume of the remaining gates and the times to belt grind the parts.  The correlation 
was rather strong with a correlation of R2 =.44.  The trend also showed a steady increase 
in grinding time with the increase in gate volume as expected. 
 
Variability Influenced by Environment 

The team realizes there are many other variables affecting processing times than 
casting quality.  Other variables identified include:  time of day, week or month, 
environmental factors (temp, humidity, etc.), worker experience, and current production 
levels.  Some data was collected monitoring the effect of the time of day.  As shown in 
Figure 18, three separate workers’ times were recorded for grinding and the time of day 
was noted.  As a general trend, the workers seemed to take longer grinding on castings 
before lunch than they did before they went home for the day.   
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Figure 18:  Variability in processing times by time of day and by operator. 

 
Another important factor that can be seen from Figure 18 is the difference in 

processing times between operators.  Two of the operators are comparable, but the third 
seems to complete the same castings in a much shorter time.  Again, many variables are 
affecting the differences in times such as worker experience, different heats of castings, 
and different times of the week or month. 
 
 
Summary Of Field Studies To Quantify Variability 
  

Industry perceives variability to be caused by human factors in quality issues and 
processing time.   The data suggests that a large amount of variability occurs in the 
cleaning room even in processes that are known a priori.  The number of factors that 
influence variability in the cleaning room made it difficult to identify specific sources.  
Sources are molding, pattern design, operator-to-operator variability, and casting-to-
casting variability.  Each source compounds to the variability; however, each does have a 
certain degree of human factor involved. 
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SECTION 3) ANALYZE EFFECT OF VARIABILITY 
 
 With so many potential sources of variability, identifying the sensitivity of the 
process to a certain parameter can be quite burdensome.  In many instances, 
approximations were made and simplified scenarios were examined based on the data 
collected.  These scenarios allowed the researcher to understand what influence 
minimizing the variability would have the individual process and the overall foundry 
production.  This knowledge allowed the researchers to focus their work on identifying 
more influential areas in the cleaning room  
  
The Impact of Scrapping Castings Instead of Reworking 

 
The researchers observed that a significant proportion of the rework time and 

subsequent variability in the process could be attributed to a small percentage of castings 
that enter the cleaning room.  As a case study, data collected at three foundries was 
analyzed to determine the impact that a few bad parts had on the cleaning room time.   

Table 11 shows the reduction in the COV for three of the foundries, if 2.5% to 
3.5% of the castings would have been scrapped at shakeout.  A few castings contribute 
significantly to the higher processing times.  Table 12 shows the reduction in average 
grinding time for two casting types at each of these foundries if 3.5% of the worst castings 
were scrapped at shakeout.   The table suggests that more work needs to be done to 
judge the financial impact of scrapping these castings and repouring them as opposed to 
salvaging them in the cleaning room. 

 
 

Table 11.  The effect of discarding the worst castings for three 
foundries and resultant effect on weighted average COV. 

Foundry 

% of 
Castings to 

Scrap 

COV of 
Total 

Grinding

COV of 
Expected 
Grinding 

COV of 
Unexpected

Grinding 
None  0.26 0.28 0.52 29 

  3.2% 0.24 0.26 0.50 
None   0.29 0.30 0.41 27 

  2.5% 0.27 0.28 0.38 
None   0.47 0.45 0.68 17 

  3.5% 0.42 0.44 0.57 
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Table 12.  The effect of discarding the worst 3.5% castings on the 

average hand grinding time. 

Foundry Casting 

% Reduction of 
Total Grinding 

Time 

% Reduction in 
Expected 

Grinding Time 

% Reduction in 
Unexpected 

Grinding Time 

A -3.0% -1.9% -3.3% 29 
  B -3.1% -5.0% 0.0% 

A -5.2% -8.3% 0.0% 27 
  B -11.0% -4.0% -15.0% 

A -9.6% -2.5% -13.9% 17 
  B -18.8% -15.7% -32.5% 

 
The percent reduction in expected and unexpected grinding times is also 

informative in Table 12.  Certain actions are more effective in reducing variability for a 
casting depending on if the source is expected or unexpected.  Further investigation 
should be conducted to separate upstream sources of variability from operator effects.  
For example, at Foundry 29 casting A, the data point removed had 2.3 times the 
normalized median value for surface defects from molding and pouring.  The data 
removed for casting B was work done by an operator that requires an average of 2.5 
times the normalized median expected time for similar parts.   

 
Black Box Analogy 

 
The first time through percentage of castings impacts the rest of the cleaning room 

drastically.  In order to understand the impact, the flow of castings through the cleaning 
room is modeled.  This can be difficult since the cleaning room is a complex, dynamic 
system. The ‘Black Box Analogy’ was designed to help begin to understand the cleaning 
room.  Because of the complexity of the cleaning room, this is only a generalization of the 
actual process.  The ‘Black Box Analogy’ is based on material balance principles applied 
in the entire cleaning room operation.  With the analogy are a few assumptions: 

 
• There are no losses as castings move from one location to the next (i.e. scrap). 
• Every process step works the same number of hours. 
• Every casting is anticipated to be welded and ground once. 
• All castings have the same probability of being reworked. 
• Flow in and out of the process is constant. 

 
The simplified cleaning room requires that the amount of material that enters must 

equal the amount that is shipped; else there will be a build up of work.  Figure 19 shows 
the flow of product if 100 tons of castings are produced a week.  Based on the first time 
through percentage, the following percentages are applied at the final inspection:  45% 
pass, 40% weld, and 15%.  (The first time through percentage shown in Table 7 is higher 
than 45%, but this may include more than one grinding/welding iteration, therefore a value 
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of 45% is used here.)  Based on these assumptions, the material balance flow rate at 
each process was calculated and shown in Figure 19.  
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Figure 19:  Simplified material balance flow sheet of processes in the 
cleaning room with values expressed in tons/week with a 45% pass, 

40% weld rework, and 15% grind rework at visual inspection. 
 
Welding and grinding see almost twice the amount of castings than what is 

shipped each week.  Additionally, heat treat sees more than twice that amount for its 
work.  This analysis does not consider how much queue time and transport times are 
needed additionally.  This is of particular interest since the welding and heat treatment 
operations are typically identified as being bottlenecks.   

The impact of visual inspection can be understood better if small changes are 
considered.  Figure 20 shows the material flow between operations if the percentage of 
castings that pass visual inspection increases from 45% to just 50%.  This corresponds to 
a reduction of castings requiring welding from 40 to 35%. 

Table 13 shows the reduction in the amount of work required of the operations if 
this change is implemented.  It is interesting to note that a 5% improvement at visual 
inspection reduces the workload at welding by 10%.  The same procedure was done 
assuming that pass rate could be increased by 10%.  The impact of reducing the amount 
of rework for grinding concerns is not considered, but would also yield obvious benefits.  

 
 
 



 

 32 

 

100

100 

170

200 

100 

30

70
200 

170

100 

 
 

Figure 20: Simplified material balance flowsheet of processes in the 
cleaning room with values expressed in tons/week with a 50% pass, 

35% weld, and 15% grind distribution at visual inspection. 
 

 
Table 13: Material flowrate at each process step for a 45% pass rate, 

50% pass rate, and 55% pass rate. 

Current 
After % Passed 
Increases by 5% 

After % Passed 
Increases by 10%

  

 
Tons per 

week  
 Tons per 

Week 
% 

Reduction 

 Tons 
per 

Week 
% 

Reduction 

Casting In  100 100 0 100 0 

Green Inspect  100 100 0 100 0 

Weld  189 170 -10 155 -18 

Grind  222 200 -10 182 -18 

Heat Treat  222 200 -10 182 -18 
Blast 222 200 -10 182 -18 

Final Inspect  222 200 -10 182 -18 
Ship  100 100 0 100 0 
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Ability to Schedule Operations with Large Process Variability 
 
Scheduling the operations and processes in the cleaning room of a steel foundry 

can be a difficult task.  Numerous variables impact the steel casting process, resulting in 
large variability of some of the processing steps.  These highly variable processes 
coupled with the wide mix of low volume products common to steel foundries, make steel 
foundry manufacturing systems very challenging to schedule and manage6. 

The purpose of this study is to develop a better understanding of the impact of that 
variability has on the ability to schedule steel foundry operations.  This will be 
demonstrated by comparing the performance of two scheduling methods to a random 
schedule in a simulation.  It is a step toward finding better ways to schedule under 
variability and is specific to the case of scheduling in a steel foundry cleaning room.  The 
simulation will be used to analyze a flowshop setting which will be a simplified but similar 
to steel foundry cleaning room operations.  The main goal of this study is the following is 
to find at what level of process variability does it become impossible to schedule steel 
casting operations.  This will be tested by comparing the results of two scheduling 
algorithm to a randomly developed schedule. 

  A simulation was used to compare the performance of the random, tabu, and 
Palmer scheduling methods.  The simulation code was designed to simulate a flowshop 
with the ability to incorporate variability in the flowshop.  The original code, developed by 
Van Voorhis14, 15, was adopted for use to this problem.  In this flowshop, each job must 
follow a given path through the system and cannot go to any open department or 
workstation except the next one on the path.  This simulation will build two different 
schedules, a formal optimization schedule (tabu schedule) and a simple sequencing 
schedule (Palmer schedule), in order to compare their individual performances with a 
random schedule of jobs.  The criteria analyzed will be total processing time.   

The tabu search is an optimization scheduling heuristic that involves selecting a 
schedule from a neighborhood of the previous schedule.  The new schedule can be 
accepted or rejected based on whether it lies in the tabu list or not.  If the schedule is 
acceptable it is compared to the previous schedule to conform to the objective criteria. 

The Palmer heuristic is a simple sequencing rule that schedules jobs with shorter 
processing times in the sequence of jobs first.  Each job is given a rank based on the 
expected processing time and the jobs are then ordered with the first job having the 
lowest processing time and the last having the longest processing time.  Jobs that tend to 
proceed from shorter to longer processing times in the sequence of operations are 
processed earlier5, 7. 

The algorithm followed to develop the simulation is shown in Figure 21.  Several 
input parameters must by defined for the simulation.  These include length of the tabu list, 
number of jobs, number of departments, highest allowable mean processing time, lowest 
allowable mean processing time, and random number generator seed.  The length of the 
tabu list is the number of schedules to store in the tabu list (set at 7 for this study). The 
number of jobs is interpreted as the number of individual castings to be introduced into 
the system.  The number of departments is the number of workstations in the system.  
Highest and lowest allowable mean processing times are used to generate the expected 
processing times for building the tabu and Palmer schedules.  Finally, the random number 
seed is input to generate a random schedule. 

An expected processing time is given to each job.  These expected processing 
times are drawn from a uniform distribution with boundaries defined by the highest 
allowable mean processing time and the lowest allowable mean processing time. 
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Once the expected processing times have been assigned, the schedules can be 
built.  The expected processing times assigned to each job are analyzed by the program 
and each schedule is generated accordingly.  The objective statement used for 
generating the tabu schedule is to minimize the makespan.  The Palmer schedule is built 
by following the sequencing rule.  A random schedule is built by randomly sequencing the 
jobs. 

 
   

 

Terminate 

Step 4: Output Each 
Schedule’s Performance

Step 3a: Simulate 
Tabu Performance 

Step 3b: Simulate 
Palmer Performance

Step 3c: Simulate 
Random Performance

Step 2e: Generate 
Actual 

Step 2d: Generate 
Random Schedule

Step 2c: Generate 
Palmer Schedule

Step 2b: Generate 
Tabu Schedule 

Step 2a: Generate 
Expected Processing

Step 1:  Initialization with 
Input Parameters

Figure 21.  Description of algorithm for scheduling simulation. 
 
 

Actual processing times are assigned to jobs to include variability, thus these differ 
from the expected processing times.  These times are sampled from a lognormal 
distribution and variability is introduced by multiplying the variance by the coefficient of 
variability squared.  A lognormal distribution was selected due to the fact that it is skewed 
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to the right to accurately reflect the grinding and welding.  The variance and mean are 
independent from each other allowing for the introduction of the coefficient of variation in 
the variance with no possibility of negative values.  Figure 22 is an example of a 
lognormal distribution.  The mean µ is the value of the expected processing time 
generated from the uniform distribution.  Values used for the coefficient of variation range 
between 0.25 and 1.00 increasing in increments of 0.05.  These values of COV are 
chosen to be greater than 0.25 because it is assumed that any value of COV below 0.25 
would imply a fairly consistent process and not need to be analyzed.  Any process with a 
COV greater than 1.00 was assumed to provide too much variability to formulate 
appropriate discussion.   

 
Figure 22. Lognormal Distribution 

The schedules that were generated using the expected processing times are now 
subjected to the jobs with actual processing times generated using the COV.  Ten trial 
runs of each schedule are made and the average total processing time for each schedule 
is then generated.  These average total processing times for each scheduling method at 
each COV level are then outputted.   

Three variables were analyzed in the simulation to see their effect on the total 
processing times for each schedule.  These variables are expected processing time of 
jobs, number of departments, and number of jobs.  Table 14 is an outline of the 
experimental design to be followed in the analysis of the output of the simulation.  For 
example, to analyze the number of jobs, the expected processing time and the number of 
departments were held constant at 500-600 seconds and 8 departments respectively 
while the number of jobs varied from 25 to 50 to 500.    

Table 15 has the results for each trial from the simulation listed with the 
parameters used and the parameter of interest.  These values obtained from the 
simulation were computed as a percent difference between two scheduling types.  The 
results are reported as averages over the entire range of COV 0.25 to 1.00 for each 
scenario.  The expected time changes increase in the overall performance in both 
schedules in comparison to the random schedule.  Although not represented in the results 
above, there was a linear degradation of the performance of the tabu schedule when 
compared with the random schedule as variability increases for process time changes.   

The overall average percent difference for the schedule remained almost constant 
for changes in the number of departments.  For 4 departments with COV levels of 0.75 
and 1.00, the percent difference between the Palmer schedule and the random schedule 
is actually smaller than that of the tabu schedule.  This is evidence that under variability, a 
simple sequencing rule can perform as well as a formal scheduling method.  There are 
three instances for 8 departments where one of the scheduling methods had a negative 
percent difference at COV levels of 0.50, 0.85, and 1.00. This is evidence that a random 
schedule can perform as well as a scheduling method under variability.  At 12 
departments, the Palmer schedule does perform worse than the random schedule at COV 
levels of 0.55, 0.65, 0.85, 0.90, and 1.00.  This implies that under large amounts of 
variability, the sequencing rule of the Palmer schedule is no better than random 
sequencing   
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Table 14. Experimental Design 

Analysis of 

Expected 

Processing 

Times 

Number of 

Departments

Number of

Jobs 

500-600s 

1000-1500s 

Expected 

Processing 

Time 50-200s 

8 25 

4 

8 
Number of 

Departments
500-600s 

12 

25 

25 

50 
Number of 

Jobs 
500-600s 8 

500 

 

Table 15. Results from simulation comparing Tabu and Palmer to random 
schedules. 

Parameter of 
Interest 

Jobs Department Expect process 
time (sec) 

Tabu to 
random 

Palmer to 
random 

25 8 500-600 1.0% 0.3% 
25 8 1000-1500 1.5% 0.5% Expected time 
25 8 50-200 7.6% 1.7% 
25 4 500-600 0.8% 0.2% 
25 8 500-600 1.0% 0.3% Departments 
25 12 500-600 0.8% 0.2% 
25 8 500-600 1.0% 0.3% 
50 8 1000-1500 0.8% 0.2% Jobs 

500 8 50-200 0.3% 0.2% 
 
When the number of jobs is changed, higher jobs lead to less difference between 

the three scheduling methods.  At no point is the Palmer schedule an improvement over 
the tabu schedule and only twice is the random schedule better than the Palmer 
schedule, at high COV levels of 0.60 and 0.90.  There are no instances of the Palmer 
schedule performing better than the tabu schedule.  There are, however, several 
instances of the random schedule performing better than the Palmer schedule at COV 
levels of 0.40, 0.45, 0.55, and 0.6.   

When analyzing the percent difference of the means in the deterministic analysis, 
it should be noted that due to the many simplifications of the simulation model, values that 
are close to zero could also be very significant.  The data implies that while the magnitude 
between the highest and lowest allowable expected processing times widens, the two 
schedules performance actually improve compared to the random schedule for changes 
in expected process time.  This is very good news for steel foundries since for most 
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foundries, expected processing times are more or less unknown.  The probabilistic 
analysis also shows that with the large magnitude in the expected processing times; the 
two schedules perform better than the random schedule.  This is encouraging for steel 
foundries.   

Increasing the number of jobs, the overall performance of both schedules 
degrades.  The case of 500 jobs could be very descriptive of a steel foundry in that there 
are always castings moving through the processing lines in the cleaning room regardless 
of the batch size.  For example, at one of the foundries surveyed, a line in the cleaning 
may have different castings moving through in several batches of 10, 25, or 50 but all 
these castings are very similar in size and requirements for total processing time.  The 
same holds true for the probabilistic analysis.  Lower numbers of departments is very bad 
for scheduling.  This is very discouraging for steel foundries because in most cases the 
number of operations in a cleaning room is very limited.  Even with a system that has 12 
departments, there is the opportunity for the random schedule to be as good as both of 
the scheduling methods at COV values as low as 0.40.   

The most telling evidence for developing an effective scheduling method in steel 
foundry cleaning rooms is shown in the lowest expected process time.  The large 
magnitude between the highest and lowest allowable expected processing times can be 
thought of as a mix of parts that have significantly different expected processing times.  
The practice of having several different parts with significantly different expected 
processing times is very common in cleaning rooms.  By observing the superiority of both 
schedules over the random schedule in these charts, it is clear to see the necessity of 
scheduling cleaning room operations. 

Based on the analysis it can be shown that steel foundries are borderline in their 
ability to effectively schedule.  The limitations to this simulation and analysis lend more 
evidence to this fact.  The COV was calculated using only processing times and does not 
include any set up time, material handling time, or any queuing requirements common to 
steel foundry cleaning rooms.  This could theoretically cause more difficulties in the 
schedules and show more evidence of random scheduling being as effective as some sort 
of scheduling method.  This knowledge is proof that implementation of new technology 
and manufacturing tools in a steel foundry is necessary to maintain competition with other 
industries.     

 
Operator Contribution to Variability 

  
The normalized work for each grinder was analyzed further to determine the variability 

from worker to worker.  The time for unexpected and expected grinding for each casting 
was normalized by dividing an individual casting’s time by the median time for the same 
casting.  Then the normalized time were separated by operator and grouped with 
normalized times of other castings that the grinder also worked on.  A mean value was 
taken for the normalized times with a standard deviation.  With the two values a COV can 
be found for the operator, but of more interest is the value of the mean and standard 
deviation and their relationship to each other.  Plots of mean normalized operator time 
versus standard deviation of normalized operator time were plotted for both unexpected 
and expected hand grinding.  The data is from 500 parts for 28 grinders at 5 foundries.  
Any hand grinders with less than four grinding times were discarded.  

Figures 23 and 24 also include three lines labeled as COV, +1 Stdev, and –1 Stdev.  
These lines represent operating constraints that help to understand the data points.  The 
COV line represents a constraint where COV = 0.30.  Any processes greater than 0.30 



 

  

exhibited significant variability.  The COV line was found by multiplying all points in the 
normalized mean of operator work range by 0.30.  The –1 and +1 Stdev lines separate 
normalized mean operator work times that are statistically faster or slower than the rest.  
Demonstrates that differences are outside the bounds of random error.  The lines are at a 
confidence level of 64% that the probability that the normalized mean operator work is 
faster or slower than a value of 1.0.   
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Unexpected Operator Variability

0.00

0.50

1.00

1.50

2.00

2.50

0.00 1.00 2.00 3.00 4.00 5.00

Normalized Mean of Operator Work

S
td

ev
 o

f O
pe

ra
to

r W
or

k 29
27
17
16
74
COV
+1 stdev
-1 stdev

Figure 24. Unexpected normalized mean operator variability in hand grinding. 
 

Figures 23 and 24 suggest that throughout a day, a worker will see multiple types 
of parts.  He’ll work faster on some and slower on others, but his overall time to work on 
those parts will average out to not be statistically different than the mean work time.    
This holds true for expected and unexpected work.  Unexpected work has more values 
greater than the COV, but this only suggests shorter and longer times spent than average 
out for each worker. 

Additionally, the data for foundry 74 was broken down further into multiple parts 
that meet the criteria of more than 3 times take for a particular part.  Figures 25 and 26 
show expected normalized mean work time.  Figures 23 and 24 show unexpected 
normalized mean work time.  Figures 25 and 26 are the same plot except that the data is 
separated by operator or part.  This was done to help identify if the operator was the 
source of variability or the part.   The same thing was done in Figures 27 and 28.  Two 
traits are exhibited by the data.  First, there is an increasing relationship.  As the mean 
expected work time increases the variability increases.  This suggests that the expected 
and unexpected work can generally be done faster than the normalized mean time; 
however, the few slower work pieces increase the work time significantly.  The source of 
the variability in work time could either by operator or upstream process dependent.  
Secondly, no particular part or operator was consistently slower or faster.  Expected work 
did cluster around a mean of 1.0 with smaller standard deviations than unexpected work.  
The reason for that is based on the definition used.  Expected work can be planned for 
because it is known a priori.  Unexpected work is not known and could end up requiring a 
lot of time or no time at all. 
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Figure 25.  Expected operator variability separated by operator at Foundry 74 for 
hand grinding. 
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Unexpected Operator Variability at Foundry 74
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Figure 27. Unexpected operator variability separated by operator at 

Foundry 74 for hand grinding. 
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Cost of Process Variability 
 

To better illustrate the impact of variability on foundry operations, a dollar amount 
is associated with expected and total grinding times.  First, a percentage of total grinding 
time consumed by unexpected grinding is calculated using the following equation: 

 

TimeTotalAverage
Time)ExpectedAverageTimeTotal(Averagetime unexp.% −

=  

 
This percentage is multiplied by an estimated annual cost per employee of 

$50,000  (50 weeks, 40 hours per week, $25 burdened labor rate).  The cost for the 
unexpected operations is shown in Figures 29-30 for two castings from two different 
foundries. The red stars represent average times for expected and total grinding times.  
These average times were then used to calculate the yearly cost per operator. 

It is recognized that an operator will not spend a year working on only one type of 
casting.  The assumption being made is that the castings included in these figures are 
representative of the company’s typical operation.  Therefore, the dollar figure calculated 
is the amount that is expended by the company for each grinder that they employ to 
resolve unexpected quality issues.  Additional costs to solve these quality issues are 
incurred by the welding operations, inspectors, heat treatment, and material handling.   

 
 

 Figure 29:  Grinding times separated by the reason for the grinding, and the 
potential cost savings if expected grinding is only needed.  Data is for a 

1000-pound casting. 
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Figure 30: Grinding times separated by the reason for the grinding, and the 

potential cost savings if expected grinding is only needed.  Data is for a 160-
pound casting. 

 
Cost of Operator Variability   

 
Variation between operators was another area of interest.  Figure 31 shows 

normalized grinding times per operator on all castings tracked at one foundry.  This was 
found by comparing the time for the different operators to process the same casting type.  
An average normalized value based on the four best grinders was found to be 0.84 per 
casting, at this foundry.  For the other operators, the percent of their total time, which is 
greater than this average value, is shown.  Also shown is the annual cost represented by 
this additional time, assuming the same labor value as above.  Once again, this assumes 
that this is a typical casting, and the results from other similar castings would be 
comparable.   With such data available to them, management can determine the cause of 
the difference, and take corrective actions. 
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SECTION 4) IMPROVE METHODS TO MEASURE AND MINIMIZE VARIABILITY 
 

 The data collected prompted the researchers to re-evaluate current methods used 
to measure variability.  Efforts to minimize variability are hampered by current measuring 
technologies.  Improved procedures to analyze inspector variability are also being 
addressed.   
 
Standardize Inspection Process 

 
The issues related to defect formation are extremely important, but as important is 

the ability to determine the quality requirements of a casting purchaser and supplier.  
Therefore, visual inspection of the surface quality is an imperative task conducted during 
the processing of steel castings.  These inspections identify the occurrence of 
unacceptable casting surface defects, such as inclusions, porosity, burnt on sand, and 
flash.  The castings that are marked for surface defects are then taken through a series of 
cleaning operations, where the marked defects are welded and/or ground to surface 
quality specifications.  Recent studies show that currently there is no satisfactory method, 
whereby the surface quality requirements can be communicated throughout the 
manufacturing and purchasing phases of casting production.  The result is that the 
description of casting surfaces is uncertain at best and impossible at worst.  The lack of a 
reasonable measurement system for quality causes several implications, including 
uncontrolled processing times.  Undetected surface defects during the visual inspection 
process will result in unacceptable quality standards and returns from the customer.  
Marking minor surface imperfections as defects will result in excessive rework. 

The current visual inspection methods used have never been subjected to a 
statistical study to determine their usefulness to the industry.  This study looks at the 
problems with the current visual surface inspection standards used in the casting industry 
today.  The goal of this study is to assess the amount of variation introduced by these 
inspections to determine the measurement error associated with this process.  The 
objective is to develop a methodology to quantify the amount of variation in terms of 
repeatability (variation within the same operator) and reproducibility (variation between 
different operators) and apply it to the visual assessment data collected at three different 
steel foundries to draw beneficial conclusions. 

Image data was collected at three steel foundries, which collectively represent the 
North American steel casting industry quite well.  The companies ranged from 150 to 300 
employees, and produced castings for a variety of construction equipment, pump and 
valve, and industrial equipment applications.  One of these companies almost exclusively 
pours high alloy castings, another almost exclusively carbon and low alloy steel castings, 
and the third pours about 75% carbon and low alloy with the remainder being high alloy 
and wear resistant grades. 

 
Procedure to Determine Measurement Error of Visual Inspection Process 

A similar procedure was used at each foundry for the image data collection.  The 
setup included 2 visual quality inspection operators and 6 castings in Foundry 1, and 10 
castings in Foundries 2 and 3.  A visual representation of the setup used for the image 
data collection is displayed in Figure 32. 
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Figure 32.  The setup used for the image data collection. 

 
Visual surface inspections of the castings are performed by operators who identify 

certain areas of the casting that need grinding or welding as defects, and mark those 
areas with a marker.  This study utilized inspectors that perform these tasks on a daily 
basis.  This required a total of four inspection trials for each casting, as every casting 
needed to go through two operators twice.  After the castings were marked for defects, 
round stickers of specific size (depending on the size of the casting) were used to cover 
the markings as shown in Figure 33.  This made locating and quantifying the size of the 
marked areas possible.   

 

Figure 33.  Example of the marked casting defects covered by the stickers. 
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The castings, chosen randomly by the trial moderator, were marked for defects by 
the operators employing the same method that they typically use to inspect castings.  The 
only difference was that only one side of the castings was inspected for this study.  Each 
of the two operators inspected each casting twice, on different days, to reduce bias.  
Between trials, the castings were shot blasted.  Figure 34 (a) shows an example casting 
marked by an operator.  After the castings were marked, round stickers of ¾ in. in 
diameter were used to cover the markings as shown in Figure 34 (b). 

In this study, a cluster of stickers in the same region is called a master cluster and 
defined as a group of stickers that have contact with each other and located anywhere 
among the four combined inspection trials of the same casting.  Master clusters represent 
the supposed defect regions identified and marked by an operator during the inspection 
trial of a casting.  Master clusters are determined with the use of a user defined search 
zone coefficient.  The search zone coefficient is a number, which, when multiplied by the 
radius of a sticker, creates a circular search zone around the sticker’s center position.  
During the master cluster determination process, if the center position of another sticker 
from any of the four inspection trials of the same casting falls within this zone, then the 
two stickers are considered to be touching and assigned to the same master cluster 
region.  It is also possible for a sticker to have multiple touching stickers if the center 
positions of more than one sticker fall within the search zone. 

The master cluster concept is introduced to characterize a marked area by an 
operator as a supposed defect region.  A visual representation of the master cluster 
concept is displayed in Figure 2.  In this case, operator 1’s trial 1 contains 7 stickers for 3 
supposed defect regions, and trial 2 contains 4 stickers for 3 supposed defect regions for 
the same casting.  On the other hand, operator 2’s trial 1 contains 5 stickers for 3 
supposed defect regions, and trial 2 contains 4 stickers for 3 supposed defect regions for 
the same casting.  Therefore, the four combined inspection trials of the same casting by 
two different operators result in 4 master cluster regions.  The combining of the inspection 
trials of a casting can also be described as superimposing its inspection images on top of 
each other.  This combination operation is displayed with a union (∪) symbol in the 
following figures.  

The analysis of the repeatability and reproducibility results considered two 
different aspects for both.  The first aspect investigated was the variability in detecting the 
same supposed defect regions, reported as percent master cluster match.  The second 
aspect investigated was the variability in defining the size of the same supposed defect 
regions, reported as percent sticker match.  The higher the percent master cluster or 
sticker match, the better their corresponding repeatability or reproducibility measurements 
would be.  A 0% match would be the lowest, indicating no repeatability or reproducibility.  
A 100% match would be the highest, indication perfect repeatability or reproducibility.  
Percent master cluster and sticker match were applied for the repeatability and 
reproducibility for each casting and reported as weighed averages for each foundry. 

 
Results of Measurement Error of Visual Casting Inspection 

The results of the analysis showed that there is a significant amount of 
repeatability and reproducibility error in the visual casting surface inspections.  The 
repeatability of the two operators from the same foundry were found to be very similar.  
On average, the repeatability measurements were higher than the reproducibility 
measurements, and the master cluster match percentages were lower than their 
corresponding sticker match percentages.  A typical result for one casting inspected four 
times by two operators is shown in Figure 36. 
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(a) 

 

(b) 

Figure 34.  Casting marked by an operator (a)  
and stickers applied to the markings (b). 
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Figure 35.  Defining master clusters with the four combined inspection trials of the 
same casting.  The two stickers at the bottom of the casting from trial 2 of operator 1 
both fall in the same master cluster region, since they are connected by stickers from 

other trials. 
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(a) (b) 

  

(c) (d) 

Figure 36.  Sample cleaned images of inspected casting 4 from foundry 2.  Images 
correspond to operator 1 trial 1 (a), operator 1 trial 2 (b), operator 2 trial 1 (c), and 

operator 2 trial 2 (d). 
 

 
The graphical representation of the summary of results for repeatability is 

displayed separately for each operator in each foundry and is displayed in Figure 37.  The 
summary of results for reproducibility is also displayed separately for each foundry and 
can be seen in Figure 38. 
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(b) 

Figure 37.  Repeatability results for percent master cluster match (a) and percent 
sticker match (b). 
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Figure 38.  Reproducibility results for percent master cluster match (a) and percent 
sticker match (b). 
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Summary of Measurement System Analysis for Visual Casting Inspection 
The results of the analysis showed that there was significant variation in both 

repeatability and reproducibility measurements from all three foundries.  Although the 
repeatability measurements were somewhat consistent within the foundries, the 
reproducibility measurements displayed considerably more variation.  This poses a 
particularly big problem in the industry, indicating a need for more operator training and 
the use of common tools such as comparator plates and work instructions that detail 
customer requirements. 

Another cause for concern was the higher variability detected in the Master 
Cluster Match compared with the Sticker Match percentages in the repeatability and 
reproducibility measurements from all three foundries.  The variations in the MCluster 
Match create a bigger problem for the foundries, as incorrectly identifying or missing a 
whole defect region is much worse than identifying an already detected defect region as a 
bigger or smaller area.  This high variability in the defect detection process means that 
some of the defects go undetected from the inspection process and reach the customer, 
where some minor imperfections are incorrectly identified as defects, causing 
unnecessary time and effort lost in the cleaning operations.  This uncertainty in the 
surface defect detection and unpredictability of the defect rates also cause uncontrolled 
processing times leading to more inefficiencies in cleaning room operations (such as 
excessive grinding, welding) and adversely effect other aspects such as production 
scheduling and material handling as well. 

All of the implications discussed lead to increased cost of operations at steel 
foundries.  The costs of cleaning room operations are within the range of $0.76 to $5.34 
per square inch (depending on the depth of the defect area) for welding operations, and 
$0.46 to $1.25 per square inch (depending on the surface quality after welding) for 
grinding operations.  This means that there are high costs associated with every 
unnecessary defect marking placed by the casting surface inspection operators. 

The impact of the visual inspection process is even more critical, given the impact 
of a small change in the acceptance percentage has on the steel casting operation as 
illustrated in the ‘Black Box Analogy” shown above in Table 13.   An inspector controls the 
amount of cleaning room operations that occurs, and this control has a compounding 
effect on the work done by the rest of the processes. 

A lack of clear communication between inspector and management has been 
consistently observed by the researchers to contribute to this variability at all ten foundries 
studied.  Inspectors are expected to know customer requirements but often what is 
expected is not communicated.  Additionally, inspectors are given mixed signals by 
management concerning company policies.  Inspectors are trained to mark defects for 
castings a particular way.  At some places, they are asked to ‘bend’ inspection practices 
to meet production quotas.  A clear set of guidelines between production standards 
versus quality standards needs to be communicated. 

Additionally, the researchers noticed that because inspectors are the only floor 
personnel charged with quality in many foundries, other operations knowingly pass 
defective parts on.  Inspection for quality needs to be an essential part of each operation 
not just before shipping. 
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Welding Assessment System 
 

The goal of this effort was to develop efficient and effective automated 
assessment systems to monitor process and product variability in the steel foundry 
industry.  One proposed systems was to measure welding to give a good indication of the 
initial quality of the castings entering the cleaning room.  Welding is labor intensive and a 
time consuming process that has traditionally been associated with highly variable 
processing times due to operator variability and the variable quality of steel castings.  By 
monitoring this process closely, a more accurate picture of where process and product 
variability is occurring and to what extent it is occurring can be obtained. 

  The research team worked to quantify welding variability by developing an 
effective weld monitoring system.  Weld wire consumption is a good representation of 
quality and companies often collect agglomerated welding wire usage data on a monthly 
basis; however, no one knows exactly how much wire is put into each casting.  This 
inhibits accurate justification of the cost to produce a casting, because if the amount of 
resources put into a casting is not fully known a cost cannot be determined. 

Some key issues associated with the development of a feasible weld wire 
monitoring system are durability, compatibility, and out put capabilities.  First, the system 
must be durable enough to withstand the harsh foundry environment, but also easily 
applicable to be mounted on an existing welder without having to make costly alterations 
to the current system.  Next, a readout must be present for an operator to see how much 
weld wire is being used as well as a way to reset the counter in between each casting.     

This system directly measures the amount of welding wire consumed via rotary 
encoder that is attached to the welding wire drive rolls.  A digital display on the unit allows 
the operator to reset the value and record the amount of wire consumed for a particular 
part.  The operator pushes a button every time that a new casting is started.  The amount 
of welding wire is then recorded at a central PC.  The supervisor is responsible for 
recording the casting number in the booth via a clipboard, which will be upgraded to a bar 
code station.  This method of recording the casting number is feasible, since this 
company produces large castings and the time between casting changes in a weld booth 
is long.  For foundries producing castings requiring shorter weld times, a system is 
planned to streamline this data collection at each welding cell. 

The researchers feel that weld wire usage is a relatively easy piece of data 
regarding casting quality that can be readily captured.  Efforts to move weld wire counters 
into common usage are continuing.  This system is collecting data from four welding cells 
at a particular foundry and will be expanded to all eight welding cells soon.   Another 
foundry is using a single weld wire counter to record the amount of weld wire consumed 
for each casting.  This data is being correlated with the percentage of nitrogen in the 
furnace and the ladle.  This effort is ongoing.   

The data from this sensor show that there is a large amount of variability in 
welding operations for these castings.  This represents an opportunity to justify process 
and system improvements, based on now quantified values of resource input during 
welding on a per piece basis.  Figure 39 shows actual weld wire usage per part.  It should 
be noted that the actual weld wire usage ranged up to 1400 feet. 

This weld wire monitor can also be used to define variation between operators.  
Figure 40 shows the average weld wire usage per operator for three castings.  For two of 
the castings, Operator A consumed significantly less welding wire than his colleague.  
While it is too early to make general assumptions, this demonstrates that this could be a 
valuable quality improvement and management tool.       
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Figure 39: Actual weld wire usage per part. 
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Fig 40. Comparison of weld wire used by two operators for two castings. 
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Grinding Assessment System Development 

 
Another effort to develop a process and product assessment system was for hand 

grinding.  Input variables could then be collected with the goal of quantifying and 
identifying casting variability.  Currently, hand grinding has a significant amount of 
variability, but the incoming product quality is variable as well.  Management continues to 
battle with this major issue and variability can be better understood by monitoring this 
operation.   

A grinding assessment system was investigated in conjunction with an equipment 
manufacturer to observe energy consumption and material removal in grinding 
operations.  The system is based on existing inverter technology used for high frequency 
grinding machines.  The following data are currently being collected with the assessment 
system: input AC voltage (Volts), input AC current (Amps), motor voltage (Volts), motor 
current (Amps), cumulative utilization time (Hour Meter) on the grinder, on/off status and 
on/off cumulative counters on the grinder.  The goal of this system was to monitor the 
amount of energy consumed while applying more load to the grinder.  It was hypothesized 
that as more force is applied to the grinder, more material is removed, and therefore more 
energy consumed.  It was believed that a system that monitors the amount of amperage it 
takes to run a high-frequency grinder could then be created and the measured amperage 
could be correlated to the amount of material removed from each casting. 

The steel foundry industry is heading in the direction of using high frequency 
grinders instead of pneumatic grinders and therefore a high frequency grinder was used 
in conjunction with the monitoring system.  The operating system set up was the result of 
several years of research and testing to develop an alternate modular system to power 
high frequency tools.  The modular system is a solid-state power frequency converter and 
has the following components; current and voltage transducers, contactors, control power 
transformer, a programmable logic controller (PLC), and a variable frequency drive (VFD).  
  To validate the assessment system, experiments were conducted to verify that a 
correlation exists between the current levels and load force. First, a fixture was designed 
to hold the grinder as well as have the capabilities to adjust the amount of force placed 
behind the grinding disc.  A simple lever was constructed and an illustration of the fixture 
can be seen in Figure 41.  At the other end of the support arms a hook is available to 
hang varying weight to create different forces behind the grinding disc.  By being able to 
change the amount of force applied to the grinding disc created a better representation of 
real-life situations.  Test pieces were secured in a vise.  Experiment forces tested are 
listed in Table 16.  Data was collected by interfacing the grinder to a laptop computer.  
Real-time display and data acquisition storage were done to monitor motor speed (RPM), 
motor frequency (Hz), motor current (A), and motor voltage (V).   
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Figure 41: How the weight was hung from the support arms to vary the amount of 

force applied behind the grinding disc. 
 

 
Table 16:  Forces measured in the grinding assessment experiment. 

 Force behind 
grinding disc (lbs) 

Grinder only 13.95 
Grinder + 4.44 lb weight 20.08 
Grinder + 15.38 lb weight 34.49 
Grinder + 25.14 lb weight 46.86 
Note: Ten measurements were taken on each and the average 
calculated. 

 
 

Data could now be taken on force applied, average amperage draw, and total 
material removed.  First a sample piece of A36 hot-rolled steel was weighed and recorded 
then placed in the vise.  In order to collect accurate and unbiased times the researchers 
had to develop a consistent method of timing.  The grinder was started and lowered onto 
the test piece and as soon as the grinding disc made contact with the sample piece the 
“Start Data Collection” was simultaneously started using the Visual Basic program in 
Excel.  Grinding would last 20 seconds and an operator would be standing by to lift the 
grinder off the test piece at the 20 second mark.  This was done numerous times using 
different sample pieces and weights. 
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The original hypothesis behind this monitoring system was as the load increases, 
amperage should increase and therefore more energy should be consumed.  However, 
from initial data received this is not the case.   Applying more force was removing more 
material, but drawing less amperage.  This should not be the case for most common 
motors.  Therefore, further tests were done for longer periods of time to try and determine 
if the motor’s amperage was in fact decreasing while loads increased. 

The following graphs in Figures 42-43 illustrates that in fact as more force is 
applied, the amperage is dropping.  In the graphs, times 0-1 and 4-5 minutes is the 
grinder running idle with no grinding occurring.  Times 1-2 and 3-4 minutes is grinding 
with only the weight of the grinder applying the force behind the grinding disc.  Finally, 
time 2-3 minutes is applying more force using different weights.  The average amperage 
for each of these sections is displayed above the data points. 

From this initial data, it was first thought that maybe the wear on the grinding disc 
had an affect on the amperage dropping.  Therefore, another trial was run using a new 
disc and the same results were found, this data can be seen in Figure 44.  Also, it was 
hypothesized that maybe the grinding surface was heating up to the point where it was 
causing the disc to “slide” over the top of the test piece and not grinding.  If this were the 
case, then the data should show similarities to the grinder running idle while no grinding is 
occurring, times 0-1 and 4-5 minutes in the graphs.  Again, this was not the case and 
more research needed to be done on the cause of why the amperage is dropping. 
 

 
Figure 42: Graph showing how the amperage dropped as more force was applied.  

Here 15 pounds was added between 2-3 minutes. 
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Figure 43: Graph showing how the amperage dropped as more force was applied.  

Here 25 pounds was added between 2-3 minutes. 
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Figure 44: Graph showing how the amperage still dropped as more force was 

applied with a new grinding disc.  Here 25 pounds was added between 2-3 minutes. 
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Additionally, the high-frequency motor and the variable frequency drive component 
of the grinder was examined as possible sources for the decrease in amperage as the 
load increases.  Both candidates were excluded upon closer scrutiny.  Normally, when a 
motor’s speed is reduced it is caused by a decrease in frequency or voltage.  When this 
occurs, the motor will consume more current to try to maintain a constant horsepower.  
However, this can only be done to a limited extent because as more current flows, more 
heat is produced, and consequently the motor would overheat.  Therefore, to keep the 
grinder from overheating it has been concluded that the variable frequency drive 
component is decreasing the input voltage and frequency, which is directly related to the 
amperage decreasing. 

The VFD used in this system is set to keep the motor running at a constant torque 
load.  Therefore, since the VFD is set to maintain the torque load within plus or minus 5%, 
the voltage will drop as well as the amperage when a load is applied to the grinder; 
however, the voltage and amperage will still be within an acceptable operating range.  
Because of this, the grinder is guaranteed to function at an optimum speed, which 
achieves the maximum material removal rate.  It is important that the optimum 
circumferential speed of the grinding wheel is maintained at a constant level even under 
high loads; in which case, the VFD ensures this without overheating or damaging the 
grinder. 

It may have been feasible to monitor energy consumption with the modular 
system, but due to the problems inherent in the design of the grinding system and the 
costs associated with the set up it is unlikely the industry will adopt this assessment 
method.  However, it is still recommended to use high frequency grinders with energy 
costs increasing because they are more efficient than pneumatic grinders while grinding 
on castings.  In addition, the use of high frequency hand grinders in steel foundries will 
increase productivity because an operator will be unable to decrease the grinder’s 
efficiency.  If for some reason the grinder should “over amp”, the system is equipped to 
automatically shut down. 
 
 
Communicating Surface Requirements 

 
 Proper training of inspectors is one particular area of concern.  Visual inspection of 
castings is a highly subjective practice that often is not regulated by set policies.  Many 
anecdotal cases were observed when the visual inspection practices of one inspector 
were different from another inspector as demonstrated in Figures 37 and 38.  By not 
having set standards that specify exactly what type of defects are acceptable for each 
casting and to what degree those defects are acceptable, the amount of rework for a 
batch of castings becomes dependent on which inspector was making the final inspection.  
Another common problem that was observed was having grinders and welders identifying 
defects using different procedures than the inspectors.  This would often lead to welders 
and grinders passing defective work to another department.  There needs to be an 
effective procedure for communicating customer quality specifications to quality personnel 
and cleaning room workers.  A standardized system of determining casting quality level, 
agreed upon by the worker, management, and customers, is needed to control and 
eliminate this excess work and the costs associated with it.   
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Comparator Plates 
 One suggested solution for standardization involves the use of comparator plates.  
Comparator plates are being designed to help address this communication problem.  A 
set of plates describing different surface finishes could be placed at every operator’s 
station.  A process plan defining the different finish for each surface of the casting would 
be given to the operator.  This plan could be color coded to determine the needed surface 
finish for each area of a particular casting.  The operator simply needs to look at the 
process plan and the appropriate level of finish from the comparator plate.  Such plates 
have been available through SCRATA, however, there use on the shop floor is limited, 
presumably due to cost.  An economical set of comparator plates that could be made 
available to each operator was developed as shown in Figure 45.  
 

 
Fig 45. Surface of the economical comparator plates. 

 
Fig 46.  The pattern used to create the comparator plate. 
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Fig 47. The self-containing mold to make comparator plates. 

 
 

The research team provides these comparator plates as a basic example of what 
can be done in industry to standardize surface finish.  Made of hard resin, the comparator 
plates can be mass-produced inexpensively, so surface finish requirements can be 
effectively communicated to all involved as shown in Figures 46 and 47.  The company, 
based on their needs and requirements, can create their own quality surface standards.  
One single pattern is used to generate multiple molds to generate the urethane plastic 
resin comparator plates.  It is also inexpensive to produce identical copies, so standards 
can be established within the company and with customers. 

To improve communication among all workers, the authors recommend that 
comparator plates be used throughout the company, including plates located at each 
inspection, grinding, and arc air station.  A few foundries have started using a set of 
comparator plates with five levels of casting quality that were developed by the authors.  
Other companies are increasing their use of pictures with casting quality requirements as 
was suggested in an earlier paper4.   

 
Worker Instructions for Cleaning Room Operations 
 Another possibility for improving quality consistency among operators are worker 
instruction sheets.  While this practice is common for molding and coremaking at several 
steel foundries, it is often not used in the cleaning room.  One company that hosted a 
student researcher has seen significant improvements in their processing times after 
implementing such a program.   This can be accomplished with an actual casting that is 
marked up, or instructions and photographs.    
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 ACCOMPLISHMENTS 
   
• 

• 

• 

• 

• 

• 

• 

Field studies at ten steel foundries, encompassing over two years of production 
history, quantified the amount of variability that exists in the industry.  The amount 
of variability was quite consistent across the wide range of companies.   

 
Variability of the visual inspection process of steel casting surfaces was 
determined to be a major source of process variation.  A method for quantifying 
this measurement error was developed.  (see thesis below.) 

 
Workshops on the impact of measurement error on other processes were 
provided.   

 
A class on manufacturing system improvements in the metal casting industry was 
presented (in conjunction with other industry professionals) through the American 
Foundry Society.   

 
Surface comparator plates for casting surface quality were produced and 
distributed to the industry.  Companies were also encouraged to develop their own 
that are tailored to their specific needs.  

 
Weld wire counting system developed for measuring casting quality.   
 
Four research students currently working in the industry with assignments directly 
related to project goals (two full time & two internships)   

 
Papers and Publications:  
 

Menefee, A., J. Anderson, F. Peters, A. Menning, and T. VanVoorhis, “Initial Studies 
Towards Reduction in Variability in Steel Foundries,”  Steel Founders' Society of 
America – Technical and Operating Conference, Chicago, Illinois, November, 2002.   
 
Menning, A., R. Stevenson, J. Anderson and F. Peters, “Assessing Process and 
Product Variability,” Proceedings of the Steel Founders’ Society of America Technical 
and Operating Conference, Chicago, IL., November, 2003. 

 
Harwood, B., B. Bishop, C. Samuelson, R. Stevenson, and F. Peters, “Variability:  
Causes, Concerns, and Corrections,”  Proceedings of the Steel Founders’ Society of 
America Technical and Operating Conference, Chicago, IL., November, 2004. 

 
Presentations:   

 
Industry Research Review Meetings, Steel Founders' Society of America Carbon and 
Low Alloy Research Committee, Following Dates:  July 2002, February 2003, June 
2003, July 2004, February 2005.   
 
“Variability Reduction for Metalcasting,” SE Ohio Section of American Foundry 
Society, Cincinnati, OH, April 2002 
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“Variability Reduction,”  American Foundry Society Cast Expo, Kansas City, May 
2002 
  
“Reducing Variability in Steel Casting Operations,” American Foundry Society, 
Wisconsin Regional Conference, February 2003. 
  
“Manufacturing Systems Improvement,” Michiana Chapter of American Foundry 
Society, Plymouth, Indiana, September 2003. 
 
“Adding Value Through Process Improvement – What is Your Role?”  Western 
Michigan AFS, Muskegon, MI, February 2004.   
 
“How to Improve your Cleaning Room Operation,” Steel Founders' Society of 
America Southern Division, Houston, TX, September 2004.   
 
“Steel Casting Opportunities,” Southeast Iowa SME, Ottumwa, IA, October 2004.   
 
“Measurement Error of Steel Casting Surface Inspection,” Iowa State University 
Statistics VIGRE Seminar Series, Ames, IA, October 2004.     
 
“Variability Reduction in Steel Casting Operations,” Iowa State University Material 
Science and Engineering Seminar Series, Ames, IA, February 2005.   

 
Workshops and Classes:   
 

“Development of Lean Manufacturing Solutions for Metalcasting,” Workshop 
presenter, American Foundry Society – Cast Metals Institute, Des Plaines, IL, 
January, 2003.   
 
Measurement Error for Radiograph Interpretation, Steel Founders' Society of America 
Member Workshop, Chicago, IL, November 2002. 
 
Measurement Error for Radiograph Interpretation, Steel Founders' Society of America 
North Central Regional, Milwaukee, WI, February 2003.   
 
Measurement Error for Metallurgical Point Count, Steel Founders' Society of America 
Member Workshop, Chicago, IL, November 2004. 

 
Thesis:   
 

J. Anderson, “Development of Product Assessment Systems for Steel Foundry 
Operations,”  M.S. Industrial Engineering, May 2004.  
 
M. Daricilar, “Measurement Error of Visual Casting Surface Inspection,”  M.S. 
Industrial Engineering, May 2005. 
 
A. Menning, “The Impact of Variability on Scheduling Steel Casting Cleaning Room 
Operations,”  M.S. Industrial Engineering, May 2005.    
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CONCLUSIONS  
 
Process variability is persistent throughout the steel casting industry, but improvements 
are readily possible.  A major source of variation results from the inspection of casting 
surfaces to determine if the casting is acceptable or requires rework.  This variation is 
caused within one operator as well as differences between operators.  The source of this 
problem can be traced to the lack of adequate communication aids.  The use of 
comparator plates to communicate casting surface quality requirements to everyone 
involved (operators, inspectors, supervision, sales, management) is highly recommended.  
 
Ongoing monitoring of cleaning room efforts is needed to identify problems and justify 
changes.  Monitoring the amount of weld wire used on a per casting basis is readily 
attainable and recommended.   
 
Continued diligence, which has been shown by several companies as a result of this 
project is needed, and will yield manufacturing system improvements.  These 
improvements will reduce the amount of processing required and save the accompany 
energy usage, and decrease the amount of scrap.   
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RECOMMENDATIONS 
 
Better communication of casting surface requirements is recommended, and can be 
accomplished with casting surface comparator plates and worker instruction sheets. 
 
Better process monitoring is needed to collect more information that can be used to make 
informed process improvement and control decisions.  While weld wire tracking has been 
shown to be viable, better methods are needed for other key processes such as heat 
treatment, grinding, and mold making.   
 
Comprehensive part traceability and tracking would also be very beneficial. This would 
facilitate the collection of the processing times at each step, to provide additional data for 
management to make informed production and process decisions.   



 

 67 

 
 

REFERENCES 
 
1. Peters, F., M. Beyersdorfer, and T. VanVoorhis, “Instigating Changes to Production 

Systems,” Steel Founders’ Society of America-Technical and Operating Conference, 
Chicago, Illinois, November 2000. 

 
2. Peters, F., T. VanVoorhis, and T. Rolling, "Re-Engineering Casting Production 

Systems – Successes and Opportunities," Steel Founders' Society of America 
Technical and Operating Conference, Chicago, Illinois, November 1999. 

 
3. VanVoorhis, T., B. Bernard, and F. Peters, “Impact of Variability on Productivity, WIP 

and Lead Time,” Steel Founders’ Society of America-Technical and Operating 
Conference, Chicago, Illinois, November 2001.   

 
4. Peters, F., A. Menefee, J. Anderson, A. Menning, and T. VanVoorhis, “Initial Studies 

Towards Reduction in Variability in Steel Foundries,” Steel Founders’ Society of 
America-Technical and Operating Conference, Chicago, Illinois, November 2002. 

 
5. Morton, Thomas E.; Pentico, David W.; Heuristic Scheduling Systems: With 

Applications to Production Systems and Project Management.  Wiley: New York, 
1993. 

 
6. Peters, Frank; Menning, Anthony; Stevenson, Roy; Anderson, Justin; “Assessing 

Process and Product Variability.” Proceedings of the Steel Founders’ Society of 
America-Technical and Operating Conference, Chicago, IL, Nov. 2003. 

 
7. Sikora, Riyaz; Chhajed, Dilip; Shaw, Michael J.;  “Integrating the Lot-Sizing and 

Sequencing Decisions for Scheduling a Capacitated Flow Line.”  Computers and 
Industrial Engineering.  Vol. 30, No. 4, p 659-679, 1996. 

 
8. Van Voorhis, T.; Unpublished Simulation Program, 2003. 
 
9. Van Voorhis, T.; Peters, F.; Johnson, D.; “Developing Software for Generating 

Pouring Schedules for Steel Foundries.”  Computers and Industrial Engineering. Vol. 
34, No. 3-4, Apr 2001, 219-234.   


	LIST OF FIGURES AND TABLES
	EXECUTIVE SUMMARY
	INTRODUCTION
	BACKGROUND
	SECTION 1) ASSESSMENT OF INDUSTRY PERCEPTIONS OF VARIABILITY
	SECTION 2) MEASURING AND QUANTIFYING VARIABILITY
	Process Variability Measurements At Steel Foundries
	Some Case Studies to Illustrate Process Variation Challenges
	
	
	
	Variability of Value Added Time
	Variability Caused by Molding
	Variability Caused by Design
	Variability with Inconsistent Process Plan
	Variability Varies from Casting to Casting
	Variability Influenced by Environment




	Summary Of Field Studies To Quantify Variability

	SECTION 3) ANALYZE EFFECT OF VARIABILITY
	The Impact of Scrapping Castings Instead of Reworking
	Black Box Analogy
	Ability to Schedule Operations with Large Process Variability
	Operator Contribution to Variability
	Cost of Process Variability
	Cost of Operator Variability

	SECTION 4) IMPROVE METHODS TO MEASURE AND MINIMIZE VARIABILITY
	Standardize Inspection Process
	
	
	
	Procedure to Determine Measurement Error of Visual Inspection Process
	Results of Measurement Error of Visual Casting Inspection
	Summary of Measurement System Analysis for Visual Casting Inspection




	Welding Assessment System
	Grinding Assessment System Development
	Communicating Surface Requirements
	
	
	
	Comparator Plates
	Worker Instructions for Cleaning Room Operations





	ACCOMPLISHMENTS
	CONCLUSIONS
	RECOMMENDATIONS
	REFERENCES

