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[bookmark: _Toc512574702]ABSTRACT

The focus of this project is to look at the potential influence the v-notch quality and geometry has on results of a Charpy impact test. The Charpy test is a universal testing method for measuring the total energy absorbed, lateral expansion and percent shear fracture area of a material. It is a low-cost test and due to the notching and dynamic loading will produce a crack tip stress field which is applicable for many applications. This can have major implications as we test our steel product where the application can be from anything such as oil pipelines under sea, crash barriers and Nuclear reactor vessels. Failure to provide accurate results can have a catastrophic effect in real life situations.
Notched samples were tested with both a serviceable broach and unserviceable broach to determine whether there is a change in impact results for a specific grade, gauge and temperature. The main objective is to ensure the most accurate quality result is presented to the customer to simulate the materials behavior in service.
The analysis and testing for this project is carried out under the same conditions for both the serviceable broach and unserviceable broach. For the purposes of this investigation the same Technician carried out the preparation, machining, notching, measuring and testing. 

Mitchell James Watson, RSciTech, TIMMM.
[bookmark: _GoBack]Deputy Lead Technician, Main Test House, Port Talbot.







1 INTRODUCTION
Steel strip can be produced into a variety of products for many different applications through different alternative processing routes. These conditions include hot and cold rolled, pickled and galvanized along with secondary treatments such as normalizing and continuous annealing processes. Each process can provide their own significant benefits to individual customers with a wide range of applications. Hot rolled material will be used for structural application such as high rising buildings, this is because of the materials practicality in strength, shaping, stiffness and durability making it an ideal material for the chosen purpose.
Due to the low manufacturing costs of steel compared to other metals such as aluminum and copper alloys, makes it a desirable product. Although alternative metals such as aluminum can provide more beneficial mechanical properties for this application, the processing and manufacturing costs are very expensive compared with steel (Figure 1). Despite the technological advantages that aluminum alloys offer to replace traditional materials such as steel has been a slow process due to the lack of comprehensive economic analysis (Ungureanu, 2007).

	Material 
	Cost/ tonne
	Relative cost (weight)
	Relative cost (volume)

	Steel (Billet) LME - Nov - 2010
	321
	1
	1

	Steel (Hot Rolled Plate) - MEPS - July -2010
	505
	1.6
	1.6

	Tin - LME - Nov - 2010
	15 458
	48
	45

	Aluminium Alloy - LME - Nov - 2010 
	1 407
	4.4
	1.5

	Aluminium - LME - Nov - 2010 
	1 425 
	4.4
	1.5

	Copper - LME - Nov -2010 
	5 270
	16.4
	18.7

	Zinc - LME - Nov - 2010 
	1 412 
	4.4
	4

	Nickel - LME - Nov - 2010
	14 398
	44
	51

	Lead - LME - Nov - 2010 
	1 414 
	4.4
	6.4

	Titanium (ingot 6AL-4V) steelonthenet (115/lb)
	15 70
	49
	28



[bookmark: _Toc512528715]Figure 1 - Price of metals (RoyMech, 2010)
As seen in Figure 1, the cost of Steel (Hot Rolled Plate) as seen in this project is $505 per Tonne, which in comparison to the alternative materials is significantly cheaper. 
[bookmark: _Toc480989587][bookmark: _Toc512574703]Structural Steel Grade S355JR+AR
S355JR+AR is a structural steel grade is the material used in this research. With high strength and ductile properties used in numerous industry such as pressure vessels, tubes and pipes and construction/ building. A structural grade denoted by the S (Structural) at the start of the grade with minimum yield strength of 355N/mm2 (MPa).  As low carbon steel specifications, S355 provides high strength with good machinability and weldability. 
· S – Demotes the fact it is a structural Steel
· 355 – Related to the Minimum yield strength produced by the grade of 275N/mm2
· JR – This is in relation to the Charpy impact or V Notch test methodology 
· AR – Denotes the rolling type on this material ‘AR’ signifying it as being As rolled material if ‘+N’ it would denominate it as being normalized, or ‘C’ cold forming is required  Cu2
[bookmark: _Toc480989588][bookmark: _Toc512574704]Chemical Composition

	Grade
	C max
	Mn max
	P max
	S max
	Si max
	 N max
	Cu max 

	S355JR
	0.24
	1.6
	0.035
	0.035
	0.55
	0.12
	0.55

	S355J0
	0.2
	1.6
	0.03
	0.03
	0.55
	0.12
	0.55

	S355J2
	0.2
	1.6
	0.025
	0.025
	0.55
	
	0.55

	S355K2
	0.2
	1.6
	0.025
	0.025
	0.55
	
	0.55



[bookmark: _Toc512528716]Figure 2 - Chemical Composition of S355JR+AR material (Tata Steel Europe, 2018)

[bookmark: _Toc480989589]From the above chemical composition in (Figure 2), the slab steel is produced to where further processes are carried out to make strip steel with the appropriate mechanical properties as stated in figure 3.



[bookmark: _Toc512574705]Mechanical Properties

	EN 
10025-2: 2004 
Grade
	Min. yield strength 1 2 
ReH
	Tensile strength 
Rm

	 
	N/mm2
	N/mm2

	 
	t ≤ 16
	16 < t ≤ 20
	t < 3
	3 ≤ t ≤ 20

	S355JR
	355
	345
	510 - 680
	470 - 630



	EN 
10025-2: 2004 
Grade
	Min elongation after fracture A%
	Impact test

	 
	 
	L0 = 80mm
	 
	L0 = 5.65√S0
	Temp. °C
	Min. 
energy J

	 
	1.5 < t ≤ 2
	2 < t ≤ 2.5
	2.5 < t < 3
	3 ≤ t ≤ 20
	
	

	S355JR
	14
	15
	16
	20
	20
	27



[bookmark: _Toc512528717]Figure 3 - Mechanical properties of S355JR+AR (Tata Steel Europe, 2018)

The apparatus for impacting the V-notch consists of a pendulum/ striker of a known mass and length that it is released from height to impact a V- notched specimen. By analyzing the difference of height in the striker before and after fracture will determine the amount of energy absorbed by the fracture event. Result will be given in Joules (J). 








[bookmark: _Toc512574706]1.1 Historic testing and data 

Historically mechanical testing that we perform today can be traced back to the 1800s from research and discoveries. The International Association for Testing Materials would meet usually every 2-3 years in various locations across the world. By the early 1900s it had 2682 members associated with the institute “By 1913 it had 2,682 members including such famous names as Brinell” (Laboratory Testing Inc., 2017) including famous names such as Brinell (Hardness test), Martens (Martensite), Bauschinger, Le Chatelier and Charpy (Impact Test). 
A Frenchman, Georges Augustin Albert Charpy was a marine artillery engineering graduate. He later in life went into various professional positions such as a metallurgical engineer and later a professor. He became very interested in measuring the impact properties of steel due to the mass amount of premature failures in steam boilers and steam engines in that era. In 1901 he presented a paper to the Association on the results for impact resistance of steel with aid of a pendulum. Charpy also discovered that the use of a notch within the test specimen had a crucial characteristic by increasing the sensitivity and reproducibility of the measurement (Anis, 2015). 
The first pendulum impact machine was designed in 1896 by S. B. Russell, where smooth and notched specimens were tested. “It was found that notched specimens are a preferred method for testing ductile materials” (M. P. Manahan J. , 2008) as the specimen could be completely fractured when notched. The pendulum impact machine enabled the measurement of energy absorbed by the specimen during fracture. The machine used was a prototype of the instrument we use across the globe today as specified in the ASTM Standard E23 “Standard test methods for notched bar impact testing of metallic materials”. 
The Charpy impact test shows a direct relationship of ductile to brittle transition in absorbed energy at a series of temperatures (Cassio Melo Moura, 2009). Since iron and all other body-centered cubic metals experience a transition from ductile behavior at higher temperatures to brittle behavior at lower temperatures, it is now required today that the Charpy impact test is carried out for a variety of steel products including things such as crash barriers, nuclear plant pressure vessels and oil pipelines. 
“Without uniformity of test results from day to day and from laboratory to laboratory, the impact test has little meaning.  Over the years, researchers have learned that the results obtained from an impact test can depend strongly upon the specimen size and the geometry of the notch, anvils, and striker.” (T. A. Siewart, 1999)

[bookmark: _Toc512574707]1.2 Project overview

The Test House at Tata Steel Port Talbot Steelworks currently analyses a variety of steel samples from different processing units. Mechanical properties such as strength, hardness and durability are carried out by destructive test methods on site. Strength tests of material are carried out by tensile test where the specimen is pulled under an applied force to determine its resistance against deformation. Toughness tests are carried out by a Charpy V-Notch tests where the test will measure the amount of energy absorbed by the material during fracture. 
Mechanical property requirements must meet British and International Standards, these are determined by a range of grades and specifications that need to be met. Chemical additions can be applied for advantageous purposes for different applications of the coil while maintaining the specifications that are standardised by the British and International standards to ensure the product is fit for purpose.   
The steel specification S355JR+AR will be researched, looking at the processing of the steel grade and determining the outcome of notch geometry and its influence on V-notch Charpy impact testing results. S355JR+AR is a structural graded steel with high strength and good durability and formability for the use of structural applications such as automotive wheel rims and chassis components, tubes and pipes, pressure vessels and heavy vehicles equipment.
This specific steel specification was selected for this project due to frequency of this grade that requires impact testing. This product can be made into various thicknesses from 1.8mm up to 16mm and can used in a variety of temperatures from -40 degrees centigrade up to 20 degrees centigrade. The focus for this project is investigating at 7.5mm width and -20 degrees centigrade. 

[bookmark: _Toc512574708]1.3 Objectives

In July 2017-September 2017, the number in impact testing notch geometry not meeting the specification had dramatically increased. Due to this change in test results, a review of historical data is to be collected to find out what change needed to be made to meet the required customers test specification:
· Reduce the number of re-notching hence freeing up Technician time
· Undertake Charpy impact testing and understand failures and the effects of the notch geometry conditions
· Achieve maximum efficiency when testing for impact results
· Analyse uncertainties when preparing impact test specimens 
Objectives of the project is to determine whether notch quality and geometry between a worn broach and new broach have a significant effect on the results of Charpy V-Notch impact test. To have a cost-effective department by reducing man hours and external metallography analysis, while providing the maximum efficiency and cost-effective rate for this type of testing. This will furthermore increase customer satisfaction within the services provided by the test house. 
In the 1980’s Genichi Taguchi received international attention for his ideas on variation reduction. “Process optimization is the discipline of adjusting a  process  to  optimize  some  specified  set  of parameters  without  violating  some  constraint.  The most common goals are minimizing cost, maximizing throughout,  and/or  efficiency” (Dr. Rajeshwar Sahai, 2012).
Genichi Taguchi was a famous engineer who applied statistics to improve quality of manufacturing goods. He understood that quality played one of the fundamental goals in reducing costs within the manufacturing goods sector. Implementing this process providing quality analysis to reduce the cost into the service provided by the Test House. Thus, increasing quality and revenue to the department while creating more business due to improved customer relations.


[bookmark: _Toc512574709]1.4 Timing Plan – Appendix 16

Figure 4 shows the Gantt chart that was followed throughout this project. It takes into consideration the objectives, benefits, short term tasks, long term tasks and timing plan with delegates. 

[bookmark: _Toc512528718]Figure 4 – A3 project plan by M. Watson for project material.

[bookmark: _Toc512574710]1.5 Background

The Charpy impact test determines the amount of energy absorbed by a material during fracture by a standardized strain rate test. The notches toughness is the materials measured absorbed energy which also acts as tool where you can study temperature-dependent ductile-brittle transition. It is universally applied in industry due to its easy preparation techniques and the ability to conduct results quickly and at a low cost. However, a disadvantage is that some results are only comparative. Therefore, a focus of this project will be on understanding one main contributing source: the v-notch geometry. The test piece to standard I will be prepared and analysed with  geometry measurements of 55mm in length, 7.5mm in width, 10mm in height and an 2mm v-notch insertion (Figure 5).


[image: ]
[bookmark: _Toc512528719]Figure 5-  Test sample for Charpy impact test taken by M. Watson for project material.




[bookmark: _Toc512574711]1.6 Location

[image: Image result for map of port talbot steel works]Port Talbot Steelworks is an integrated iron and steel production plant in Port Talbot, County Borough of Neath Port Talbot and is owned by TATA Steel UK Ltd. The site is situated next to Margam Moors, with Port Talbot Docks bordering the site to the north with the town of Port Talbot, Motorway, the main line railway in figure 6. Tata steel  is currently the largest industrial employer in the region with approximately 3000 employed directly at the Port Talbot works, although contraction of the work force has affected employment, contractors and suppliers.

[bookmark: _Toc512528720]Figure 6 - Map of Steelworks (Adewale M. Taiwo, 2013)

The two blast furnaces at full capacity can produce approximately 5 million tonnes of iron per annum. The integrated steel works have several processes that are carried out sequentially across the works to covert raw iron ores and coal to hot rolled slab and finished steel products such as hot rolled, pickled, oiled, cold rolled and annealed material.

[bookmark: _Toc512574712]1.7 Project methodology 

Port Talbot Heavy Gauge Back Spinner unit deposits impact test piece into designated area in the compound.
· Technician cuts down to size using EHS Shears 215mm by 95mm 
· Test piece is inserted into Doosan mynx 5400 milling machine where a grove is inserted 
· Groove is then chopped off via EHS shears 10.5mm from cut edge
· 3 cuts are now made with a 55mm backstop edge across length of piece
· Notch is then cut into each one of the 3 pieces.
· Each 1 of the 3 test pieces are measured L,W,H and Notch depth then recorded on sheet with Technicians signature
· Set Propanol bath to required temperature 
· Leave test piece soak for 10 mins at specific temperature 
· Insert test piece into station from propanol bath (5 seconds) 
· Release striker to impact sample
· Record result on sheet in Joules (J)
· Transfer all results from sheet to computer system for releasing material to check for specification 
· Archive sheet 



[bookmark: _Toc512574713]1.8 Equipment needed
 
· Roell amiser RKP 300 (pendulum/ striker which can be seen in figure 7)
· Proponol bath 
· Stopwatch 
· Tongs
· Vernier calipre
· Point Micrometer 
· Doosan ynx 5400 (milling machine)
· Broach 
· Cutting fluid 
· [image: Image result for • Roell amiser RKP 300]EHS shears











[bookmark: _Toc512528721]

Figure 7 - Roell Amiser RKP 300, (Instytut Metalurgii Zelasa, 2010)


[bookmark: _Toc512574714]2.0 MANUFACTURING STEEL GRADE 3456/3556 

Today the steel industry creates many different grades of material for a vast amount of applications across the globe. With markets consisting of construction, aerospace, automotive, structural, armed forces and white goods. The versatility of steel through different processing methods and its relatively cheaper manufacturing cost compared to other metals such as aluminum, makes steel a very popular material.
[image: Image result for world crude steel production 2017 tata steel upto 2020]

[bookmark: _Toc512528722]Figure 8 (Adapted from World Steel, 2015)

As seen in figure 8, the production of steel increases significantly, especially from the year 2000 which has become a very competitive market. It is important for steel manufacturers to be continually developing new products and looking for gaps in the market to ensure the company remains competitive in this sector. 
There has been an increase in steel price per tonne in the last couple of years It is important to stay competitive, this can be done by selling their products at the highest rate possible to ensure future longevity of the company which can be seen in figure 9.

[image: ]Price of Steel (USS per tonne)

[bookmark: _Toc512528723]Figure 9- shows prices via various processing routes (Tata Steel LTD, 2014)

This project will provide an in-depth analysis of S355JR+AR graded steel, looking at specific processing routes before reaching the hot mill finishing line. For this case the hot mill is the final process to create this product, where mechanical testing is carried out to ensure that it has achieved the appropriate mechanical properties for its application. Once all tests meet the specification for S355JR+AR, the coil can then be released to the customer. The production of S355JR+AR goes through numerous complex processes with various treatment units and methods applied to achieve the best quality possible. 
Throughout the production of this product, numerous analysis techniques are carried out such as Optical Emissions Spectroscopy (OES) to ensure the steel meets the required standards. This type of analysis is carried out within the Basic Oxygen Steelmaking phase, where regular analysis is carried out to ensure chemical composition is correct before further processing at the CAS-OB and casting to slab. This help monitor and determine the quality of the steel being maintained throughout the various processing routes. 
Once samples from the coil are provided to the test house for tests such as tensile testing, v notch Charpy impact testing, bend testing it is vital that the steel manufactured meets the required specification to ensure revenue within a company such as Tata Steel UK. If specification was not met, re-testing will be required or as a resort is to downgrade the material. 
[bookmark: _Toc480989599]
[bookmark: _Toc512574715]2.1 Raw Materials
[image: Image result for lump ore and pellets]The integrated steelmaking route, which is based on the blast furnace and Basic oxygen steelmaking route, use raw materials which include iron ore, coal, limestone (Flux) and recycled steel. These are normally prepared and adjusted before use. Iron ore is one of the most abundant metallic elements in the earth’s crust. Average iron content for high-grade ores is 60% to 65%, after considering other naturally-occurring impurities. Iron ore may be used directly as lump, although fine ore segments is sintered or pelleted where they will sort it (Figure 10). The sintering process uses a mixture of fine ore, coke and flux which in turn is heated on a conveyor which will form an iron rich compound. Pelletizing is a process which compresses or molds a material into the shape of a pellet. Coals are blended and carbonized in coke oven “batteries”, this will produce high carbon content material of consistent size and strength while removing any volatile substances. “The coke making process involves carbonization of coal to high temperatures (1100°C) in an oxygen deficient atmosphere in order to concentrate the carbon” (American Iron and Steel Institute , 2017).









[bookmark: _Toc512528724]Figure 10 - Process of sorting iron ore (Emerson Electric Co., 2015)
[bookmark: _Toc512574716]2.2 Blast Furnace 
The byproducts created from the sintering process and coke ovens are inserted into an iron making process which is a blast furnace shown in figure 11. This operates on a continuous basis; this process relies on the continual feed of charging alternate layers of ferrous materials such as iron ore and fluxes along with coke. Air is blown through the furnace at a high pressure which will react with coke generating hot reduction gases. Hot air is then injected with pulverized granulated coal through the furnace tuyeres (a nozzle in which air is forced through into the furnace) located just above the hearth and therefore flows upward through the furnace. The hot air reacts with any carbon bearing materials to form the toxic gas carbon monoxide, which reduces the iron ore to iron. The iron that is produced within the furnace is molten, the iron and slag (which is a product from the process which has no value and formed when the ores and coke agglomerate together due to the exothermic reactions), then travel to the hearth of the furnace where they can then be periodically tapped through the tap-hole. Finally, when the blast furnace gas leaves at the top of the furnace it will be cleaned and recycled for alternative purposes such as fuel for power plants or stoves. 
[image: Image result for labelled blast furnace]




 




[bookmark: _Toc512528725]Figure 11 - Blast furnace process (Weebly, 2017)


[bookmark: _Toc512574717]2.3 Basic Oxygen Steelmaking 
The liquid iron that is produced and tapped into the refractory lined torpedo is then transported via rail connection to the BOS plant (Basic Oxygen Steelmaking plant). The torpedo is then poured into the hot metal bay, where next unwanted impurities such as Sulphur are removed in a desulphurization unit by injecting elements such as magnesium and lime into the iron. Scrap is then charged into the vessel at approximately 16%, the 300 tonne de-sulpherized iron is then charged into the vessel with approximately 360 tonnes gross metallic charge which can be seen in figure 12.

[image: Related image]










[bookmark: _Toc512528726]Figure 12 - BOS converter (James Short, 2013)

A basic oxygen steel making converter is charged with desulpherised iron and scrap of up to 22%. Oxygen is then blown into the converter at a high velocity, this is done to oxidise any carbon and other unwanted elements in the molten iron, where it produces heat and melts the scrap producing liquid steel. This is all controlled by a complex software system which will automatically adjust lance height dependent on vessel volume. Any gas from the BOS process gets cleaned in a cleaning plant and can be recycled and re-used for other processes across the works. Any excess gas is flared via the flare stacks located outside the plant. Samples are taken to ensure the correct chemical composition is met for the S335JR+AR grade of steel. 
Once the molten steel has been tapped from the converter, it is further refined to ensure the steel meets the customers specifications which in this case is Specification grade S355JR+AR.
To ensure that the temperature is uniform throughout the ladle, it is stirred and additions such as Argon are added into the solution to remove any nonmetallic presence via the flushing station. Other elements such as silicon are added to reduce the high oxygen content of the steel as this can result in brittle fractures within. Other changes within the process are monitored by Optical Emission Spectroscopy where samples are provided by the BOS plant to the laboratories. Impurities such as Hydrogen bubbles are removed in the degassing station by stirring the molten metal under a vacuum, “as the Argon bubbling enhances the process of hydrogen removal because it decreases the partial hydrogen pressure” (Dekkers, 2004). Steel is then processed through the appropriate secondary steel making treatment processes, where it is then transferred to continuous casting. 
The next stage of the process is to pour the liquid steel from the ladle into a tundish through a refractory shroud to prevent any oxidation of this transfer. The tundish is there to ensure the steel is distributed over many casting strands in a controlled pouring manner. The flow rate is continuously monitored by computerized systems to maintain a steady flow rate as this is critical to ensure good surface quality of the steel. The steel level is measured by Eddy current techniques. The continuous casting mould is made from copper and steel backing plates that are water cooled by a high quality demineralized recirculating water system. The steel slab will be cooled uniformly to ensure the product remains the same throughout the slab. An image to illustrate the process is seen in figure 13.

[image: Image result for Continuous casting]









[bookmark: _Toc512528727]Figure 13 - Illustration of continuous casting process (South African Instrument Control, 2004).

For our coil product S355JR+AR, which is made from steel grade 3456 the appendix figures (1-14) show screenshots from our steel and slab heat information system “ELVIS”. 
Appendix 1 shows treatment and hot metal details regarding chemistry  
Appendix 2 shows Charge Balance Model (CBM) 
Appendix 3 show End Blow Model (EBM) for Vessel 2 
Appendix 4 shows grade overview, chemistry min/max aims at various processes
Appendix 5 shows caster 3 trend graph
Appendix 6 shows slab information 
Appendix 7 shows temperature graph details at different units 
Appendix 8 shows aims and analysis at different stations 
Appendix 9 shows planning details of pouring molten iron to casting end steel slab.


[bookmark: _Toc512574718]2.4 Hot mill process 
The hot rolling process is another critical aspect to the process which determines the coils final mechanical properties and microstructural form for its end application. The fundamental purpose of the hot mill is to reduce the materials thickness by numerous compressive forces which are applied through a set of rolls. The hot mill process is carried out at elevated temperatures to alter coarse-grained, brittle and porous structures to wrought structures with finer grain sizes and enhanced mechanical properties. (Agrawal, 2013, p. 72).
Re-heat furnace 
Steel slabs from the BOS plant are inserted into the re-heat furnace to bring the slab up to approximately 1200C to allow for plastic deformation and rolling in the hot mill. Slabs are charged through the entrance, heated then discharged at the furnace exit. Factors such as rolling temperature, steel composition and stock dimensions have an influence on the target exit temperature. Quality of steel is dependent on consistency of temperature and rolling parameters, which are computer monitored within the Hot Mill process. (William.R, 1983).
De-Scaler
Once the steel slab has been re-heated in the furnaces, it is moved through to the scale breaker. This consists of two-high rolling mill with vertical rolls that subsequently loosen furnace scale and removes scale with high-pressure water jets. These slabs are then passed through a four-high roughing mill roughly 5 to 7 times to reduce thickness of the material. Once all scale is removed and the slab is of appropriate length 25m, it is then placed on a finishing rolling table.
Figure 14 shows the roughing mill, to illustrate the computer monitoring throughout the hot mill process.

[image: http://www.mncautomation.com/images/thumb/4Hi.jpg]
	
[bookmark: _Toc512528728]Figure 14 - Computer monitored process of roughing mill (Tata Steel Europe, 2017)		 
Coil Box 
Coils are run through a coil box before the finishing mill. The coil box collects the slab which is now in strip form after the thinning and roughing processes. The tail end of the coil is then fed through the finishing stand before being cut for mechanical properties testing. A key aspect to this part of the process is to ensure the good surface finished is achieved while maintaining sample temperature and having a consistent thickness of the material throughout the coil, figure 15 shows the hot mill process. 





Finishing Mill
Temperatures at the finishing mill are between 850C and 950C depending on grade, to ensure the product is fit for mechanical testing. The temperature of the coil is computer monitored throughout the process. Unlike the various runs through the roughing mill, the coil is run through once at this stage. The steel at finishing temperature can be fragile, which again is monitored to check for any tearing or stretching of the material. When the coil is to the specific gauge requested by the customer, it is then cooled using water sprays to keep consistency in a controlled manner. “After the strip has been rolled to the final shape it is cooled by a quench spray to produce the desired grain structure and mechanical properties” (Williamson, 2018).
[image: Image result for detailed hot mill process]Appendix 10 and 11 shows the routing matrix for our chosen steel grade 3556/3456 – S355JR+AR and identifies the hot mill finishing temperature is 860C and then coiling temperature is 620C, this is for gauges 8-12mm. 






[bookmark: _Toc512528729]Figure 15 - Hot mill process (New Zealand Steel, 2017).
3 MAIN BODY

[bookmark: _Toc512574719]3.1 Principles of the Charpy test

This test consists of breaking a notched test piece with a single blow from a swinging pendulum. The notch has a specified geometry and is in the middle between two supports, opposite to the location which is impacted in the test. Results are determined by measuring the energy absorbed in the test, the lateral expansion and the shear fracture appearance of the test piece. (M. P. Manahan J. C., 2008).  
Due to the impact results of metallic materials vary with different temperatures, tests should be carried out at a specific temperature which is indicated by the customer. If the temperature selected is other than ambient, then the test piece should be heated or cooled in controlled conditions to the required temperature. 
This type of test is often used routinely in industry due to its high-throughput pass or fail acceptance test. Once the test is carried out depending on customer requirements it may be important to note whether the test piece has completely broken, partially broken or plastically deformed and dragged through the anvils. 
Charpy tests are not always comparative as there are alternative methods to carrying out the testing. For example, the test can be performed with hammers having strikes with different radii such as a U-shaped notch opposed to V-notches, or with different shaped test pieces. These can give different results. To ensure that it is all working to the same standard it is important that the type of instrument, test piece and post-test pieces are clearly reported and is crucial for comparability of results. (BSI Standards Publication, 2016, p. 3). 





[bookmark: _Toc512574720]Definitions pertaining to the test piece

Width - This is the distance between the notched face and the opposite face. 
Thickness - The dimension that is perpendicular to the width and parallel to the notch.
Length - Largest dimension which is perpendicular to the v-notch. 
[image: ]See figure 16 for the configuration of the test piece and supporting anvils of pendulum impact test.















[bookmark: _Toc512528730]Figure 16 -Configuration of the test piece and supporting anvils of pendulum impact test
 (BSI Standards Publication, 2016)

Notch geometry 
It is imperative that the notch is carefully prepared so that the root radius of the notch is free of machining marks which would affect the absorbed energy. The plane of symmetry of the notch should be perpendicular to the longitudinal axis of the test piece. Two types of radii can be used for the Charpy test, V-notch which shall have an included angle of 45 degrees, a depth of 2mm and a root radius of 0.25mm. The U-notch shall have a depth of 5mm (unless otherwise specified) and a root radius of 1mm. (Internation Standard ISO 148-1, 2006). See figure 17 for Charpy pendulum impact test piece A. V-Notch Geometry. B. U-Notch geometry). 
[image: ]












[bookmark: _Toc512528731]Figure 17 - Charpy pendulum impact test piece (BSI Standards Publication, 2016, p. 10)
[bookmark: _Toc512574721]Tolerances of geometry
[bookmark: _Toc512574722]The tolerances on test pieces and notch dimensions are shown in figure 18.
[image: ]

[bookmark: _Toc512528732]Figure 18 - Notch and test piece tolerances  (BSI Standards Publication, 2016, p. 12)

[bookmark: _Toc512574723]Specimen transfer  
It is imperative that when testing in temperatures other than ambient that no more than 5 seconds should elapse, when the test piece is initially removed from the propanol bath, to the time it is impacted by the pendulum striker/ hammer. 
This is important to maintain the temperature of the test piece when impacting due to the applications needed. For example, the purpose why -40 degrees centigrade could be used is for oil pipelines in the North Sea where they customer would like to simulate the steels impact reaction at freezing temperatures. To ensure this operation is carried out effectively and the temperature of the test piece is maintained, there is equipment specifically designed to control this specimen transfer. Self-centering tongs which can be seen in figure 19 are the most common way for V-notched test pieces to be transferred from the heated/ cooling bath medium to the correct test position. 
[image: ]


















[bookmark: _Toc512528733]Figure 19 -Self centering tongs for V-notched Charpy specimens
 (BSI Standards Publication, 2016, p. 12).



[bookmark: _Toc512574724]3.2 Sample Delivery 
Samples are delivered to the Test house compound located at the back of Hot Sheet Finishing unit. The extreme edge is firstly removed from the coil prior to cutting sample for mechanical testing. This it to ensure a true representation of the coil is tested, the extreme edge is removed due to the buildup of temperature making it hard and brittle at the edge. The last point where the heated coil is cooled gives a slightly different microstructure. Once this edge is scrapped the coil should have a uniform microstructure throughout. A full width sample of 1250mm by a length of 750mm is cut from the coil, a further cut is made a quarter of the length from the edge which is then delivered to the Test House with measurement of 350mm width and 350mm length. The heavy gauge makes it extremely heavy and difficult to handle at full width. This is carried out to ensure that we are complying with BS EN ISO 377:2013 Location of Samples and Test Pieces for Mechanical Testing “a sample must be full width when retrieved”. 
[bookmark: _Toc512574725]3.3 Sample preparation
Once the sample is received 350mm length by 350mm width, the impact pieces need to have the appropriate directionality tested. It is usually required in the longitudinal direction, but there have been cases of transverse impact testing. This can be determined by inputting the coil identity into our internal software system where all relevant data on the product can be retrieved such as test required, directionality of test and specification. When an impact needs testing in the longitudinal direction, 215mm is marked across the length of the sample and 95mm is marked across the width of the sample for reference as seen in figure 20. Our EHS heavy duty Shears shown in figure 21 is set to the appropriate gauge to cut the material where the measurements are set to 215mm to cut the appropriate length and then 95mm to cut the appropriate width. The sample then sits into the milling machine to prepare the specimen for notching. 

[image: ]









[bookmark: _Toc512528734]Figure 20  – 215mm length and 95mm width in longitudinal direction marked on 350mm * 350mm sample. Taken by M. Watson for project material.
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[bookmark: _Toc512528735]Figure 21 – EHS shears taken by M. Watson for project material
3.4 Machining
Once the sample is confirmed to be of the measurements of 215mm length by 95mm width, the specimen can then be inserted into the Doosan Mynx 5400 milling machines vice. A preset programme for Charpy Impact Testing displayed in figure 22, cuts a grove across the top/ bottom edge into the specimen taken it with this particular instance for the project, from 10.5mm gauge down to 7.5mm gauge as shown in figure 23. Once the program has finished, the specimen needs to be removed from the vice and cleaned down using an air gun.  

[image: ]








[bookmark: _Toc512528736]Figure 22 - Charpy test machining programme on Doosan Mynx 5400 milling machine. Taken by M. Watson for project material

[bookmark: _Toc512528737]Figure 23 - Image taken of sample cut down to 7.5mm gauge in Doosan Mynx 5400 milling machine by M. Watson for Project material.
The piece is taken to EHS shears to sperate the new cut grove from the rest of the sample. The shears are set to 10.5mm and the piece is inserted, the grove is then sheared off. The rest of the sample is kept until the notching is carried out, in case any re-notching is required due to out of specification. 
[bookmark: _Toc512574726]3.5 Notching 
Once the grooved bar is sheared from the rest of the sample in figure 24, the next stage is to saw it into three individual pieces. Firstly, the rough edge from the machining is cut off then the bar is simply pushed across the foundation which has a preset stopper at 55mm length. Once one piece has been cut the bar is again pushed across for the correct length to be cut until you have three identical pieces of 55mm sample.

[image: ]






[bookmark: _Toc512528738]Figure 24 - Image of Grooved bar severed from sample by M. Watson for project material – (215mm Length)
Once the three pieces have been cut to the 55mm length, each piece is inserted into the notching station shown in figure 25. The specimen is held in place, a lubricant is sprayed onto the broach, then by turning the feeder wheel, the broach will then groove a V-notch into the specimen that is perpendicular to the rolling surface. This is carried out on all three specimens leaving a finished sample shown in figure 26 to be measured then tested. 










[bookmark: _Toc512528739]Figure 25 = notching station, on the left is the broach station for notching, the right is the saw required to cut samples to 55mm length. Taken by M. Watson for project material.
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[bookmark: _Toc512528740]Figure 26 - Image of V-notch in test sample piece by M. Watson for project

[bookmark: _Toc512574727]3.6 Measuring 
[image: ]It is imperative that this stage of the process, that all instruments used for measuring are calibrated. The three instruments used to measure the geometry is: -
· Vernier caliper for the length of sample 
· Micrometer for the width and height of the sample 
· Point micrometer for the v-notch depth (Figure 27)






[bookmark: _Toc512528741]Figure 27 – Point micrometer used to measure V-notch depth. Taken by M. Watson for project material
[image: ]There is tight tolerance when measuring these samples as can be seen in figure 28 which is a blank sheet, to input measurements with the specific tolerances. If any of these measurements are out of tolerance, another sample from the same coil must be prepared and re-notched again. An uncertainty when measuring is the sample may be within tolerance, such as notch depth but by only visual inspection it is very difficult to determine whether you have a v-notch or a slightly rough irregular notch. The purpose for this project is to investigate notch profile and quality and determine whether it influences impact results.

[bookmark: _Toc512528742]Figure 28 – Blank sheet to input sample measurements with tolerances shown. Taken by M. Watson for project material
[bookmark: _Toc512574728]3.7 Temperature bath 
Impact tests will usually require a specific temperature to be tested at. Within the test house Charpy V-notch impact testing can facilitate temperatures of -40, -20, -10, 0, 10 & 20 degrees centigrade. For this project to determine whether there is any influence in V-notch geometry, -20C will be the chosen temperature because it is most common temperature test requested within the Test House. Testing at the specific temperature chosen by the customer is a vital part to this process. The purpose is to determine the amount of energy absorbed to fracture within a specific environment, essentially simulating a real-life situation. The customer will be interested in how the steel responds and what amount of energy absorbed to fracture is needed within a given temperature. For example, there would be little significance in testing S355 for oil pipelines in the North Sea at 20 degrees centigrade. This is due to the conditions and temperatures that the North Sea reaches which is below freezing, therefore giving no real representation to how the material would act at freezing temperatures. 
Once all three test specimens are measured and within tolerance, the propanol bath needs to be set to the required temperature, which in this case is -20C shown in figure 29. Once the propanol bath is at the correct temperature, the test pieces must be inserted in a specific order which the operator knows which one is sample 1,2 and 3. E.g. by placing samples from left to right as displayed in figure 30. A stopwatch is then set at 10.00 minutes to ensure these samples reach the appropriate temperature before inserting into the Roell Amiser RKP 300 which is the Charpy impact testing machine. 
To assist in the maneuvering of the samples from worktop to temperature bath too the instrument, a V shaped external piece is fabricated onto a pair of tongs to slot into the V-notch itself shown in figure 31, this helps centre the test piece when entering the Roell Amiser RKP 300 as it fits perfectly in between the anvil.
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[bookmark: _Toc512528743]Figure 29 -     -20 degrees centigrade Propanol bath by M. Watson for Project material.
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[bookmark: _Toc512528744]Figure 30 - Samples placed left to right (Test piece 1,2 and 3) by M. Watson for Project material.
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[bookmark: _Toc512528745]Figure 31 - V-shaped external piece fabricated to tongs to slot into V-notch to transport samples to and from the propanol temperature bath by M. Watson for Project material.

[bookmark: _Toc512574729]3.8 Impact testing
The final part of the process is to actual carry out the Charpy V-Notch impact test itself. This uses a pendulum that strikes through the centre of the impact piece and delivers a result in joules as the amount of energy absorbed to fracture. It is important to note according to BS EN ISO 148: 2016 “when testing is performed at other than ambient temperature, not more than 5 seconds shall elapse between the time the test piece is removed from the heating or cooling medium and the time it is impacted with the striker” (The British Standards Institution , 2016). 
The sample is inserted into the centre of supporting anvils to ensure that it is in the correct position when the transfer from the cooling/ heating station is achieved as seen in figure 32.

 












[bookmark: _Toc512528746]Figure 32 - Supporting anvils (inside red circles) where the test piece is pushed up against to ensure it is centered correctly – Taken by M. Watson for Project material.

Once the sample has been inserted, the door must be shut as a safety measurement for the pendulum striker to release and impact the test piece. It is important to note that the scale must be zero before performing the test to give an accurate measurement which can be seen in figure 33. Once the Striker has impacted the test piece, the scale which is located on the front of the testing instrument will read a value. This value is then transferred from the machine to the impact logging sheet for that specific test piece. This then needs to be repeated with the other two samples to complete the test for that coil. Once all the test results have been recorded, results are transferred onto the works internal software system for logical release of coil. If the impact result is within specification and all other mechanical testing has passed, then the coil can be released to the customer. These details such as tensile test results and impact test results will then go onto a test certificate which is a legal document provided to the customer telling them what tests were carried out and what the results were for the tests.
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[bookmark: _Toc512528747]Figure 33 - impact result which is recorded from the outside scale measured in Joules – Taken by M. Watson for Project material.
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[bookmark: _Toc512528748]Figure 34 - – The pendulum striker which is covered by casing, is released to swing and impact the test piece – Taken by M. Watson for Project Material.





[bookmark: _Toc512574730]4.0 LITERATURE REVIEW

Scope 
This literature review addresses notch geometry and quality factors associated with Charpy V-Notch impact testing. 
Literature 
(Sapora, 2015) carried out an experiment to improve Finite Fracture Mechanics approach to blunt V-notch brittle fracture mechanics which was successful. Several approaches were investigated to analyse structural components brittle fracture factors regarding to rounded V-notches.  The approaches taken were based on desired stress requirement and the associated energy balance and implementation on the bases of recently proposed analytical expression for stress intensity factor (SIF). Experiments were carried out at (30,90 and 150 degrees opening Angeles) of the V-notch. It was found that when a blunt V-notch is exposed to SIF the crack which stems from this allows better finite fracture mechanic predictions relevant to mode 1 brittle fracture due to the proportionality of the energy available for crack length to integral squared, the error is expected to increase. 
(Srivatsan, 1999) discussed the influence of notch severity on the impact fracture behavior of aluminium alloy 7055. Several notch angles of 45, 60, 75 and 90 degrees were selected for a standard Charpy impact test. Two of the specimens had the notches positioned at right angles to the applied load. When tested at a specific temperature, the ductile microstructure impact toughness decreased in relation to the notches severity increased. For the increased notched severity specimens mode-I resulted in the most controlled fracture across all tested temperatures. The results regard to alloy microstructure, fracture mechanisms and deformation filed ahead of the advancing crack tip. 
(Pink, 1990) produced a report to identify the differences obtained when conducting Charpy impact testing using an ASTM method R23 specification, versus the ISO type impact tester. It highlights the historical controversy regarding the appropriate correct method of machining the notch into the test specimen. The report compares two different types of impact testing equipment and evaluates the various notch grooving techniques via grinding, broaching and milling with a single toothed fly cutter. The results showed that the ISO type impact testing machines results were elevated compared to the ASTM method by approximately 4%. A result in lower impact value was also noticed when using the broached specimens. It was noted that grinding the notch as an alternative gave the smoothest and most consistent profile. The broached notches giving the lowest impact value may be due to the roughness of the surface and the microscopic tears observed in the surface because of machining. 
(P. J. Hine, 1986) Studied the behavior of polyethersulphone using a specially constructed instrument testing machine. It is similarly a pendulum type machine. Accurate deformation and energy absorbed curves could be obtained, despite vibrations that caused complications initially to the test sample. Both sharp-notched and blunt- notched specimens were measured over a series of crack lengths. The sharp notched samples could be analysed by means of fracture toughness. Alternatively, the blunt notched samples resembled a constant critical stress at the root of the notch. Multiple crevices at the crack tip in the blunt notched samples were emphasized due to its importance. Another important factor was that the ageing of samples will reduce the fracture toughness, although the blunt notched specimens was not affected by ageing.  
(Abdel-Hamid I. Mourad, 2011) Shows experimentational results relating to the dependence of fracture toughness on the thickness and ligament length of the test specimen. It was found that fracture toughness is totally independent of the notch root radius with various ligament lengths. From the experiments the predicated results for fracture toughness using the appropriate developed models were conforming with the measured data.
(Daugherty, 1990) Carried out rounded notched impact testing experiments on stainless steels which is commonly used in reactor pressure vessels. It is suggested that this material generally initiates crack tip blunting and significant plastic deformation to the initial crack growth. Crack growth initiation is then followed by stable growth due to this materials characteristic. This then suggests that the total load the structure can bare may by greater than the load that initiates the growth. Established fracture mechanics techniques ignore crack tip plasticity. It is suggesting that linear elastic fracture mechanics may give misleading predictions by taking rising crack resistance during stable crack growth into account to estimate structure load carrying capability. 
Conclusion 
With the forever increasing demand of steel for structural applications, it is necessary to try and understand the characteristics and mechanical behavior of the material under various environmental conditions. Although a lot of work has been done relating to numerous areas of the Charpy V-notch and U-notch specimens relating to fracture toughness, and all other aspects such as ductile brittle transition curves. There seems to be a huge number of variables that can affect the result across the scope with different measuring techniques and testing equipment at numerous temperatures. Although there seems to be relatively little known regarding specifically the effects of notch geometry and quality such as the structure of the notch wall in relation to Charpy V-notch impact testing results. 
















[bookmark: _Toc512574731]5 ANALYSIS AND RESULTS

For this experiment, identical testing will be carried out on a serviceable broach and an unserviceable broach that we have in the Test House. The same material grade S355JR+AR will be used for Charpy V-notch impact testing and will be metallographically analysed. All samples were machined to 7.5mm width, 8mm notch depth and the temperature used was -20C for this experiment.
Samples were notched from both the old worn broach and current broach by myself and were measured to ensure they all met the appropriate specification before testing. There are 3 tests per sample as that is the current procedure of impact testing within our laboratory. 15 samples of S355JR+AR were notched with the old worn broach and 15 samples of S355JR+AR were notched using the current broach. Therefore leaving 45 individual results and 15 average results per broach. 
All testing equipment had appropriate standard and maintenance tests carried out prior to ensure accuracy of results.  – Appendix 15 (Service and Calibration certificate).
The serviceable broach in use from January 2017- to present.
The unserviceable broach was in use from January 2012 - January 2017.
For this experiment all dimensional measurements are in millimeters (mm) and impact result – energy absorbed is measured in Joules (J) and temperature in degrees centigrade.
The following denotes: - 
Avg - Average
SD - Standard Deviation
CV - Coefficient of Variation
S – Serviceable Broach
U/S – Unserviceable Broach
[bookmark: _Toc512574732][image: ]5.1 raw data

[bookmark: _Toc512581614][image: ]Table 1 - Serviceable Broach raw data

[bookmark: _Toc512581615]Table 2 - Unserviceable broach raw data


[bookmark: _Toc512528749]Figure 35 Serviceable Broach chart results

[image: ]

[bookmark: _Toc512528750]Figure 36 Unserviceable Broach chart results

Both chart ranges of 100 Joules in the vertical axis. In figure 35 that greater variation Is evident, figure 36 shows generally higher readings and less variation. 

[bookmark: _Toc512528751]Figure 37 - Serviceable Broach & Unserviceable Broach charts combined

Serviceable and unserviceable data is clearly different. U/S is much higher in general with less variation and S results are lower with greater variation. 
It can also be seen in figure 38, that when analyzing the data all tests achieved minimum pass mark of 27 J for grade S355JR+AR. 
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[bookmark: _Toc512528752]Figure 38 - S and U/S results plotted against the limit for a Test pass
[bookmark: _Toc512574733][image: ]

[bookmark: _Toc512528753]Figure 39 - Serviceable Broach Avg, SD, CV chart
[image: ]

[bookmark: _Toc512528754]Figure 40 - Unserviceable Broach Avg, SD, CV chart

These charts show the Average, Standard Deviation and Coefficient of Variation for the samples. The data for the serviceable broach shows a lower average and larger standard deviation and so the coefficient of variation is also much larger. There are very significant and clear differences in the results when comparing a serviceable broach to an unserviceable broach. 







[bookmark: _Toc512574734]5.2 Histograms





	Serviceable
	
	Unserviceable
	
	Delta

	
	
	
	
	
	
	

	Mean
	113.2444
	
	Mean
	197.1111
	
	        83.87 

	Standard Error
	3.190921
	
	Standard Error
	1.325058
	
	-1.86586

	Median
	114
	
	Median
	198
	
	84

	Mode
	100
	
	Mode
	200
	
	100

	Standard Deviation
	21.40535
	
	Standard Deviation
	8.888763
	
	-12.5166

	Sample Variance
	458.1889
	
	Sample Variance
	79.0101
	
	-379.179

	Kurtosis
	0.096014
	
	Kurtosis
	0.097184
	
	0.00117

	Skewness
	-0.10395
	
	Skewness
	0.122668
	
	0.226621

	Range
	102
	
	Range
	42
	
	-60

	Minimum
	60
	
	Minimum
	178
	
	118

	Maximum
	162
	
	Maximum
	220
	
	58

	Sum
	5096
	
	Sum
	8870
	
	3774

	Count
	45
	
	Count
	45
	
	0

	Largest(1)
	162
	
	Largest(1)
	220
	
	58

	Smallest(1)
	60
	
	Smallest(1)
	178
	
	118

	Confidence Level(95.0%)
	6.430878
	
	Confidence Level(95.0%)
	2.67048
	
	-3.7604



[bookmark: _Toc512581616]Table 3 - Descriptive Statistics of Serviceable and Unserviceable results
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[bookmark: _Toc512528755]Figure 41 - Histogram of Serviceable Broach frequency
[image: ]
[bookmark: _Toc512528756]Figure 42 - Histogram of Unserviceable Broach frequency

Both histogram charts use the same scales which makes it very clear that the distributions are significantly different. Notice the change from serviceable to unserviceable where the distribution for the unserviceable broach shows reduced variation but the mean value increases by 84 Joules. 
[bookmark: _Toc512574735]5.3 Metallography

Metallography was carried out on three samples notched by a serviceable broach and three samples notched by an unserviceable broach. This analysis is determining the specimen’s from both a Serviceable and Unserviceable broaches notch quality and geometry in detail with use of a microscopes. 
The finding is as followed in Table 6. Sample numbers 1,2,3 (Unserviceable broach notches), Sample numbers 4,5,6 (Serviceable broach notches).

	 
	Sample Number (Metallography)
	Micro Number (Metallography)
	Prod. ID
	Notch Neck Width (mm)
	Notch Depth (mm)
	Notch Angle (°)
	Notch Tip Radius (mm)

	U/S
	1
	101
	1B
	2.12
	2.06
	44.7
	0.25

	U/S
	2
	103
	2B
	2.15
	2.15
	45.1
	0.26

	U/S
	3
	104
	3B
	2.09
	2.10
	45.0
	0.26

	S
	4
	117
	1A
	2.08
	2.12
	45.0
	0.23

	S
	5
	118
	2A
	2.15
	2.15
	45.1
	0.26

	S
	6
	119
	3A
	2.05
	2.06
	45.5
	0.25



[bookmark: _Toc512581617]Table 4 - Metallography analysis of Serviceable and Unserviceable Broached test specimens. (Johnston, 2018).

	Prod ID
	1B
	
	
	

	
	
	Measurement
	Value
	Units

	
	
	Notch neck width
	2.12
	mm

	
	
	Notch depth
	2.06
	mm

	
	
	Notch angle
	44.7
	°

	
	
	Notch tip radius
	0.25
	mm



[bookmark: _Toc512581618]Table 5 - Metallography analysis of sample 1B
[image: G:\Porttalbot\Harbourside\Corus Strip Products UK\Common\Metalography\Instruments\Instrument Data\Leica\2018 Optical Images\18155_0004.tif]








[bookmark: _Toc512528757][image: G:\Porttalbot\Harbourside\Corus Strip Products UK\Common\Metalography\Instruments\Instrument Data\Leica\2018 Optical Images\18155_0005.tif]Figure 43 - Sample 1B, Notch (x12.5)









[bookmark: _Toc512528758]Figure 44 -Sample 1B, Microstructure and deformed layer at notch tip (x100)
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[bookmark: _Toc512528759]Figure 45 - Sample 1B, Microstructure and deformed layer at notch wall (x200)
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[bookmark: _Toc512528760]Figure 46 - Sample 1B, Notch opening – corner damage (x100)



	
	
	
	
	

	Prod ID
	2B
	
	
	

	
	
	Measurement
	Value
	Units

	
	
	Notch neck width
	2.15
	mm

	
	
	Notch depth
	2.15
	mm

	
	
	Notch angle
	45.1
	°

	
	
	Notch tip radius
	0.26
	mm



[bookmark: _Toc512581619]Table 6 - Metallography analysis of sample 2B
[image: G:\Porttalbot\Harbourside\Corus Strip Products UK\Common\Metalography\Instruments\Instrument Data\Leica\2018 Optical Images\18155_0013.tif]












[bookmark: _Toc512528761]Figure 47 - Sample 2B, Notch (x12.5)
[image: G:\Porttalbot\Harbourside\Corus Strip Products UK\Common\Metalography\Instruments\Instrument Data\Leica\2018 Optical Images\18155_0014.tif]








[bookmark: _Toc512528762]Figure 48 - Sample 2B, Microstructure and deformed layer at notch tip (x100)
[image: G:\Porttalbot\Harbourside\Corus Strip Products UK\Common\Metalography\Instruments\Instrument Data\Leica\2018 Optical Images\18155_0017.tif]
[bookmark: _Toc512528763]Figure 49 - Sample 2B, Microstructure and deformed layer at notch wall (x200)
[image: G:\Porttalbot\Harbourside\Corus Strip Products UK\Common\Metalography\Instruments\Instrument Data\Leica\2018 Optical Images\18155_0015.tif]
[bookmark: _Toc512528764]Figure 50 - Sample 2B, Notch opening – Excess material ‘lip’ (x100)





	Prod ID
	3B
	
	
	

	
	
	Measurement
	Value
	Units

	
	
	Notch neck width
	2.09
	mm

	
	
	Notch depth
	2.10
	mm

	
	
	Notch angle
	45.0
	°

	
	
	Notch tip radius
	0.26
	mm



[bookmark: _Toc512581620]Table 7 - Metallography analysis of sample 3B

[image: G:\Porttalbot\Harbourside\Corus Strip Products UK\Common\Metalography\Instruments\Instrument Data\Leica\2018 Optical Images\18155_0020.tif]
[bookmark: _Toc512528765]Figure 51 - Sample 3B, Notch (x12.5)
[image: G:\Porttalbot\Harbourside\Corus Strip Products UK\Common\Metalography\Instruments\Instrument Data\Leica\2018 Optical Images\18155_0021.tif]
[bookmark: _Toc512528766]Figure 52 - Sample 3B, Microstructure and deformed layer at notch tip (x100)
[image: G:\Porttalbot\Harbourside\Corus Strip Products UK\Common\Metalography\Instruments\Instrument Data\Leica\2018 Optical Images\18155_0022.tif]
[bookmark: _Toc512528767]Figure 53 - Sample 3B, Microstructure and deformed layer at notch wall (x200)















	Prod ID
	1 A
	
	
	

	
	
	Measurement
	Value
	Units

	
	
	Notch neck width
	2.08
	mm

	
	
	Notch depth
	2.12
	mm

	
	
	Notch angle
	45.0
	°

	
	
	Notch tip radius
	0.23
	mm



[bookmark: _Toc512581621]Table 8 - Metallography analysis of sample 1A
[image: G:\Porttalbot\Harbourside\Corus Strip Products UK\Common\Metalography\Instruments\Instrument Data\Leica\2018 Optical Images\18155_0001.tif]
[bookmark: _Toc512528768]Figure 54 - Sample 1A, Notch (x12.5)
[image: G:\Porttalbot\Harbourside\Corus Strip Products UK\Common\Metalography\Instruments\Instrument Data\Leica\2018 Optical Images\18155_0002.tif]
[bookmark: _Toc512528769]Figure 55 - Sample 1A, Microstructure and deformed layer at notch tip (x100)
[image: G:\Porttalbot\Harbourside\Corus Strip Products UK\Common\Metalography\Instruments\Instrument Data\Leica\2018 Optical Images\18155_0003.tif]
[bookmark: _Toc512528770]Figure 56 - Sample 1A, Microstructure and deformed layer at notch wall (x200)











	Prod ID
	2 A
	
	
	

	
	
	Measurement
	Value
	Units

	
	
	Notch neck width
	2.15
	mm

	
	
	Notch depth
	2.15
	mm

	
	
	Notch angle
	45.1
	°

	
	
	Notch tip radius
	0.26
	mm



[bookmark: _Toc512581622]Table 9 - Metallography analysis of sample 2A
[image: G:\Porttalbot\Harbourside\Corus Strip Products UK\Common\Metalography\Instruments\Instrument Data\Leica\2018 Optical Images\18155_0024.tif]








[bookmark: _Toc512528771]Figure 57 - Sample 2A, Notch (x12.5)
[image: G:\Porttalbot\Harbourside\Corus Strip Products UK\Common\Metalography\Instruments\Instrument Data\Leica\2018 Optical Images\18155_0026.tif]
[bookmark: _Toc512528772]Figure 58 - Sample 2A, Microstructure and deformed layer at notch tip (x100)
[bookmark: _Toc512574738][image: G:\Porttalbot\Harbourside\Corus Strip Products UK\Common\Metalography\Instruments\Instrument Data\Leica\2018 Optical Images\18155_0027.tif]

[bookmark: _Toc512528773]Figure 59 - Sample 2A, Microstructure and deformed layer at notch wall (x200)












	Prod ID
	3 A
	
	
	

	
	
	Measurement
	Value
	Units

	
	
	Notch neck width
	2.05
	mm

	
	
	Notch depth
	2.06
	mm

	
	
	Notch angle
	45.5
	°

	
	
	Notch tip radius
	0.25
	mm



[bookmark: _Toc512581623]Table 10 - Metallography analysis of sample 3A
[image: G:\Porttalbot\Harbourside\Corus Strip Products UK\Common\Metalography\Instruments\Instrument Data\Leica\2018 Optical Images\18155_0028.tif]
[bookmark: _Toc512528774]Figure 60 - Sample 3A, Notch (x12.5)
[image: G:\Porttalbot\Harbourside\Corus Strip Products UK\Common\Metalography\Instruments\Instrument Data\Leica\2018 Optical Images\18155_0029.tif]







[bookmark: _Toc512528775]Figure 61 - Sample 3A, Microstructure and deformed layer at notch tip (x100)
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[bookmark: _Toc512528776]Figure 62 - Sample 3A, Microstructure and deformed layer at notch wall (x200)

After looking at these samples notch walls individually it can be seen that: -
1B – There are some areas showing shallow serrated structure on the notch wall.
2B – Fairly smooth appearance of notch wall. 
3B – Fairly Smooth appearance of notch wall.
1A – Rough, serrated appearance of notch wall.
2A – Rough, serrated appearance of notch wall. 
3A – Rough, serrated appearance of notch wall.

Other notices: - 
1B – There seems to be damage to corner of notch opening.
2B- ‘lip’ of excess material on corner of notch opening. 
The metallographic analysis seems to show that all six samples are within tolerance of the notch angle which is 45 degrees +/- 2 degrees. In general, the unserviceable broach notching samples give a significantly smoother wall structure although seems to have initial contact issues such as damaging the notch opening. All the samples from the serviceable broach seem to give a rough serrated appearance to the wall structure, which could be due to sharper teeth of the broach contacting the sample when cutting. 
This also goes to show that to the naked eye, it is almost impossible to determine what the notch wall looks like, as can be seen the samples can be within tolerance and look completely different under a microscope which could have a major influence on the results. A smoother wall structure from the unserviceable broach evidently needing more energy to fracture the specimen. 
There are also uncertainties, when initially measuring samples with point micrometer in the test house they seem to be within specification, but under more accurate analysis with optical microscopy the notch depth is slightly out of tolerance for all samples. But for this purpose, these samples were not tested just analysed under microscope for wall structure appearance and notch angle. It is important to note that when carrying out the measuring of impact test we do not have the facilities to measure under microscopic analysis. It is measured by the machining operator with hand hell measuring devices such as Vernier calipers, micrometer and a point micrometer. It is also important to note that different operators measuring the same piece may get different measurements due to human interaction. 



Additionally, extra analysis was carried out to measure the thickness of the deformed layer at the notch tip. 
1B – 5 microns
2B – 5 microns 
3B – 5 microns 
1A – 15 microns 
2A – 10 microns 
3A – 10 microns
As can be seen with the serviceable broach samples 1A, 2A and 3A having at least double the thickness of the unserviceable samples. The deformed layer at the notch tip is an area that is work hardened by the broach, which leads to think that that specific area is more brittle hence maybe why the serviceable broached samples are yielding lower impact results. 










[bookmark: _Toc512574739]5.4 FMEA Study
[bookmark: _Toc512581624]Table 11 - FMEA Study of Notching
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[bookmark: _Toc512574740]5.5 COST BENEFIT ANALYSIS
[bookmark: _Toc512581625]Table 12 - Current Method of Notching

	Category
	Details
	Cost Per per item
	Cost Per year

	Broach
	 
	£400.00
	£400.00

	Metallography 
	Man hours (inclusive transporting samples 0.5, preparation for metallographic analysis 1.5 hours, optical microscopy 1 hour and reporting 2 hours)  total = 4 hours 
	£80.00
	£960.00

	Cutting fluid
	 
	£10.00
	£50.00

	Man hours
	Man, hours to notch 1 coil based on 3 samples taking 10 minutes. Approximately 250 coils per year.
	£2.00
	£500.00

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	Total
	 
	 
	£1,910.00




	Category
	Details
	Cost per item
	Cost Per year

	Automatic broach
	Based on previous quote obtained by supervisor 2017
	 
	£4,000.00

	Service
	Yearly service of automatic broacher
	 
	£500.00

	Broach
	 
	£400.00
	£400.00

	Cutting fluid 
	Not required due to own cooling system 
	 
	£0.00

	Man hours 
	Man hours to notch 1 coil based on 3 samples taking 2 minutes. Approximately 250 coils per year.
	£0.40
	£100.00

	 
	 
	 
	£5,000.00

	Total
	 
	 
	

	 
	 
	 
	


[bookmark: _Toc512581626]Table 13 - New method of Notching


[bookmark: _Toc512581627]Table 14 - Cost Benefit
	Category
	Details
	Cost First year

	Automatic Notcher
	Initial cost of Notcher
	£4,000.00

	New method 
	 
	£900.00

	Total
	 
	£4,900.00

	 
	 
	 

	Total Savings
	First Year
	£5,000.00

	 
	Annual operating expense after first year 
	£1,000.00

	 
	Annual cost savings after approximately 2.5 years 
	£910.00




By implementing the new system it will take 2.5 years to break even due to the initial cost of the automatic notcher. This will then save approximately £1000 a year every year after as no metallography analysis will be needed due to measuring its own notch angle and wear and its own internal cooling system. In the 2.5 years it takes to break even the quality of notching will be improved along with creating more storage space due to less consumables. Although there are energy costs with the new system they are negligible as metallography incurred energy costs for their cutting, mounting and optical microscopy process which was not included in the cost benefit analysis.

[bookmark: _Toc512574741]6 CONCLUSIONS

This project was to determine the effects that geometry and quality has on Charpy V-notch impact testing. Evaluating analytical techniques like impact testing with a serviceable broach and an unserviceable broach provided a comparison between results. Charpy V-notch impact testing is mechanical testing technique used globally to determine the amount of energy absorbed by a material during fracture. Samples were notched with both a serviceable broach and unserviceable broach to compare geometry and quality of V-notching. From the Charpy V-notch impact testing results it was observed that significant different amounts of impact energy are absorbed between the variables, with a serviceable broach showing generally lower results with more variation opposed to the unserviceable broach showing higher results with less variation. Further analysis under optical microscope shows a clear distinction in wall structure between both serviceable broach and unserviceable broach V-notching. The serviceable broach had at least double the thickness of the deformed layer at the notch tip, which may cause the energy absorbed being significantly lower due to the work hardening, making it more brittle.
From the results one might assume the unserviceable broach would be preferred since the higher readings are further from the lower limit pass mark. The unserviceable broach also exhibits less variation in the measured results. However, it is critical that the broach notching is within specification with regards to notch depth and angle. It is difficult to determine whether the notch angle is in specification as it not measured when every impact test is done. The only control in place to monitor the notches wear and condition is to send samples off monthly to metallography for optical microscopy. 
Comparing the results might lead one to conclude that the more worn broach will generate more consistent results with less variation and a higher mean value and therefore be preferred but the contrary is true since this behaviour does not simulate how a crack will propagate in service. 
Impact testing is carried out to simulate in service applications such as oil pipelines, crash barriers and nuclear reactor pressure vessels which are all critical components and can have catastrophic failures. If the material in question was not tested within specification such as the angle of notch was out due to the worn broach, this could give false readings and would not give a proper representation of what would happen in service. Failure to comply with standard geometry causing a failure in real life situation could have serious consequences for the company. Customers could potentially buy their steel elsewhere as they will lose confidence in us. When a coil is released to customer a legal test certification document is presented to the customer with mechanical properties, false or inaccurate results for a critical structural component can bring on corporate lawsuits costing millions, as well as the damage and cost to the initial failure of the part. 
There was an instance in October 2017 where Kobe steel were found to be guilty of falsifying test certificates, this affected airplanes, trains and automobiles. A news article at the time reported “Shares in Kobe Steel have plunged 42 percent since its initial mea culpa, wiping out $1.8 billion of market value” (Masumi Suga, 2017). 
These tests are carried out for applications such as crash barriers which have major implications for the safeguarding of public.
The material is used for a specific purpose, it is vital that the test results can be trusted. Therefore, more frequent analysis of the broaches condition would help build and support that trust.
Most cracks that develop when a product is in service are sharp and resemble fatigue cracks. It can clearly be seen that the notch in the sample affects the results of the impact test. Therefore, it is necessary for the notch to be of appropriate geometry and dimensional accuracy. 
All the preparation, machining, measuring, testing and recording data was carried out by one individual as accurately as possible to procedure, to limit the amount of variation in the process. From experience I know that when carrying out impact testing there are so many uncertainties due to the number of operators carrying out this testing, where although the notch measurements may be within tolerance, the wall structure could have a completely different appearance due to the amount of force applied and speed rates when notching a sample. Notching with a newer broach can be felt by a characteristic intermittent snag and generally more resistance due to the sharper teeth.
Although all parts of process were carried out by the same individual, it can be seen in the raw data that not every notch had the same measurements, they almost all were slightly different. Due to notching 45 samples, the notch will be wearing considerably from test piece 1 to test piece 45 on each broach.
With all samples within tolerance it can clearly be seen that an unserviceable broach, which has been worn and taken out of service due to life span from supplier or other contributing factors, such as re-notching because samples are out of tolerance. 
An alternative theory would be that the worn broach’s initial fracture point not being the v-notch due to wear. The other theory is that the serviceable broach has at least double the thickness of deformed layer at the notch tip, this may result in significantly lower measurements due to the work hardening at that area making it more brittle.
It is important to note that these tests are carried out for structural materials which although have a minimum impact result requirement of 27J, they can produce an impact result which is much higher when comparing both broaches, approximately half the measured result of a newer broach, which is closer to the minimum pass mark of 27J.
This project has considered a relatively small data set and tests are done infrequently. The limited results were due to factors such as work priorities, production from hot mill and machine availability. Results have focused on a specific grade, dimensions and temperature combination and so it is not certain that the same conclusions would hold for other combinations that are tested. 
This major project has provided an excellent opportunity for the author to research our methods, practices and procedures and identify aspects that could be improved. As a direct result of this work, our department has had numerous meetings to review and discuss these issues and we are currently exploring the recommendations highlighted in this report. As a responsible manufacturer that takes great pride in being steel maker of choice for our discerning customers, we are constantly looking for opportunities to improve our processes and bring more rigger which helps with audits



7 RECONMENDATIONS
The V-notch in the sample can affect the results of the impact test, therefore it is necessary for the notch to be of regular dimensions and geometry. Due to numerous operators across two shift teams, there is a lot of uncertainty in speed rates in which samples are notched. Currently a pillar drill affect feeder system will have numerous speed rates in which the notching is carried out along with the amount of applied pressure by an operator. This could show variation in the notch profile, structure and geometry that is not visible by the eye. Although it may be within specification to the person who measures it prior to testing, under a microscope may show considerable amount of variation of notch depth, profile, wall structure and notch angle between test samples. 
Different operators also measuring the samples themselves can have variation to the next person measuring the same sample. The whole notching process and measuring has a lot of uncertainty due numerous people manually using and recording. There is no governance on recording measurements electronically it is just writing on a piece of paper and archived with the results.
Going forward I would recommend having an instrument with a motor driven actuator to control the speed and pressure of the broach notching action, along with measuring the specimen where results are recorded automatically to eliminate any human error such as a CEAST Specimen Preparation Notching Machine sold by Instron. Although this may be a costly process it will eliminate any uncertainties relating to V-notch quality when been audited. 
I would also recommend sending samples monthly for metallography, to ensure the notch angle is within tolerance and to monitor the wear of the broach, which will indicate an accurate lifespan of the broach by recording number of samples notched in a period time scale until the notch of the specimen e.g. root radius, notch depth is out of tolerance. 
As a next step it would be interesting to notch slow vs fast broach movement to determine any significant differences and send off to metallography for analysis. Also like to repeat the tests with a different product and dimension combination, to see if the same relationship holds. 
It would be interesting to collect failed samples from the unserviceable broach to analyse in more detail where the crack was initiated. There seems to be damage in the top opening corner along with similar fractures on the same side in the same place, which may be a cause for higher energy absorbed results.
I would have liked to collect a lot more data and perform more tests with same conditions and material. As there is such a clear difference between S and U/S broach mean and variation, it be very interesting to see how these results change gradually between the two states. This may be better indicating the point of when broach should be classified as U/S.
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[bookmark: _Toc512574743]9 APPENDICES

Appendix 1 shows treatment and hot metal details regarding chemistry  
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Appendix 2 shows Charge Balance Model (CBM) 
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Appendix 3 show End Blow Model (EBM) for Vessel 2 
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Appendix 4 shows grade overview, chemistry min/max aims at various processes
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Appendix 5 shows caster 3 trend graph
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Appendix 6 shows slab information 
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Appendix 7 shows temperature graph details at different units 
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Appendix 8 shows aims and analysis at different stations 
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Appendix 9 shows planning details of pouring molten iron to casting end steel slab
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Appendix 10 shows routing matric for structural steels
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Appendix 11 shows specifications and limits for grade 3456



[image: ]	



Appendix 12 shows Serviceable Broach raw data in sample order













Appendix 13 shows Unserviceable Broach raw data in sample order












Appendix 14 shows Serviceable and Unserviceable Broaches combined in sample order

	











Appendix 15 Shows certificates of servicing and calibrating Charpy V-notch impact testing machine.
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[image: ]Appendix 16 – Timing plan 
Serviceable Broach

1A	TEST 1 	TEST2	TEST3	162	145	147	2A	TEST 1 	TEST2	TEST3	117	113	122	3A	TEST 1 	TEST2	TEST3	118	60	104	4A	TEST 1 	TEST2	TEST3	100	81	86	5A	TEST 1 	TEST2	TEST3	122	126	95	6A	TEST 1 	TEST2	TEST3	101	134	127	7A	TEST 1 	TEST2	TEST3	104	116	136	8A	TEST 1 	TEST2	TEST3	100	106	100	9A	TEST 1 	TEST2	TEST3	102	130	74	10A	TEST 1 	TEST2	TEST3	81	96	128	11A	TEST 1 	TEST2	TEST3	120	140	80	12A	TEST 1 	TEST2	TEST3	120	98	124	13A	TEST 1 	TEST2	TEST3	114	140	106	14A	TEST 1 	TEST2	TEST3	152	124	103	15A	TEST 1 	TEST2	TEST3	114	110	118	



Unserviceable Broach
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Sample 

ID

Width Height Length  Temp Notch heightTEST 1 TEST2 TEST3 AVERAGE SD CV

1A 7.55 10.01 54.77 -20 8.05 162 145 147 151 9.29 6.10%

2A 7.6 10.04 54.82 -20 8.07 117 113 122 117 4.51 3.80%

3A 7.59 9.99 54.85 -20 8.04 118 60 104 94 30.2732.20%

4A 7.58 10.02 54.79 -20 8.05 100 81 86 89 9.8511.10%

5A 7.59 10.2 54.9 -20 8.02 122 126 95 114 16.8614.70%

6A 7.55 10.06 54.83 -20 8.009 101 134 127 121 17.3914.40%

7A 7.51 10.05 54.92 -20 8.01 104 116 136 119 16.1713.60%

8A 7.51 10.04 54.87 -20 8.004 100 106 100 102 3.46 3.40%

9A 7.5 10.03 54.8 -20 8.03 102 130 74 102 2827.50%

10A 7.54 10.07 54.79 -20 8.03 81 96 128 102 24.0123.60%

11A 7.52 10.07 54.88 -20 8.04 120 140 80 113 30.5527.00%

12A 7.56 10.06 54.93 -20 8.06 120 98 124 114 1412.30%

13A 7.61 10.06 54.86 -20 8.009 114 140 106 120 17.7814.80%

14A 7.52 10.04 54.82 -20 8.01 152 124 103 126 24.5819.50%

15A 7.54 10.04 54.79 -20 8.05 114 110 118 114 4 3.50%

Avg 7.55 10.05 54.84 -20 8.03 115.13 114.6 110 113.24 16.7114.80%

SD 0.03 0.05 0.05                       -    0.02 19.64 22.92 20.43 14.41 962.40%

CV 0.46% 0.45% 0.09% 0.00% 0.25%17.06%20.00%18.57% 12.73%53.85%
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