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[bookmark: _Toc43652473]Introduction
In Europe, TATA Steel is one of the biggest steel producers and produces 9.8 million tonnes per year. The primary steel making sites are in Ijmuiden, Netherlands and Port Talbot, Wales and downstream sites are located across Europe (TATA Steel, 2020). TATA Trostre Works is a cold rolling and coating steel site. Currently producing tin plate, electrolytic chromium coated steel and Protact laminated sheets.
[image: ]Figure 1 - Trostre Works








The Pickle Line is the first process in Trostre works. The Pickling process removes any scale, rust or surface impurities from the coil before it is cold rolled. This process involves washing the steel in tanks of heated sulphuric acid.
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[bookmark: _Toc43652474]Project Definition
[bookmark: _Toc43652475]Scope
As part of the Pickling process, the steel strip needs to be trimmed down to a certain size determined by the customer. This trim is in a constant run which needs to be chopped or cut up into small manageable pieces before being recycled back into the steel making process. 
This scrap chopping process involves four rotation barrel (two on each side of the strip) and four cutting blades per barrel, totalling sixteen blades (appendix 1). There is also a standby unit to alleviate line stoppages.

TATA Steel currently pays £262.65 per blade. In previous years, the total cost of purchasing new blades averages nearly £37,000. This is without other associated costs such as; purchasing new and repairing old wedges (these hold the blades in place) costing in excess of £3,000 per year, manpower to replace these blades, manpower to regrind these blades and line stoppages due to process jams. The blades suffer primarily from chipped edges as well as wear on the cut edge.
[bookmark: _Toc43652476]Aim
The aim and focus of this report is to review the material used in the manufacture of these blades and to potentially find a more suitable material.
[bookmark: _Toc43652477]Objective
This report gives an opportunity to analyse the current material used in the blades and look at alternative materials or processes that can be used. The material of the blades have been used for approximately 20 years with no documentation or reports on the change. The primary objective of the report would be cost saving in the scrap chopping process.


[bookmark: _Toc43652478]Material Review
[bookmark: _Toc43652479]Current material
The blades that are currently in use are supplied by ASKO, who specialise in metal processing and cutting. The material used is known as Askodyne-C, it is a, (ASKO, 2020) “high alloy cold working tool steel”. It has high levels of carbide and 8.5% of chrome, it comes hardened to 56-58 Hardness Rockwell C (HRC) and offers “higher impact resistance, higher wear resistance…higher compressive strength” when compared to regular tool steel. These knives can be reground and used again. The high level of carbon and chromium increases its strength, hardness and wear resistance (Havel, 2017). 
[bookmark: _Toc43652480]Cold Working Tool Steels
Cold worked tool steels (CWTS) have been developed for use in many applications such as shearing, drilling and grinding. They have been in use for more than a century. These tools are subjected to high levels of stress and are required to have high toughness, high hardness and good wear resistance (Sarkar, et al., 2014) (Viale, et al., 2002) (Meurling, et al., 2001) (Roberts, et al., 1998).
[image: ][image: ]The standard choice for CWTS tends to be a steel known as AISI-D2, it has a composition of approximately 1.5% Carbon (C) and 12% Chromium (Cr). Due to its high levels of C and Cr it contains large fractions of hard carbides which gives it excellent wear resistance. It does however have quite poor toughness due to brittle carbides (Son, et al., 2017) (Kim, et al., 2015) (Sarkar, et al., 2014) (Viale, et al., 2002) (Algarni, 2019). By reducing the C to 0.8 - 1.2% and Cr to 8% this can reduce the brittle carbide in the steel and thus improve the toughness (Viale, et al., 2002) (Kim, et al., 2015). It is shown in the work of (Viale, et al., 2002) that when they compared D2 with a steel called Tenasteel (an 8% Cr steel) the toughness was greater across the different hardness measured (Fig 3). It is worth noting that as the hardness increases, the toughness decrease. (Fig 4) shows that as the hardness increases the wear rate decreases.Figure 3 - Viale, et al (2002)
Figure 4 - Viale, et al (2002)


(Arieta, et al., 2011) recorded both the hardness and toughness of 12% Cr steel and compared them with various 8% Cr steel. The C content in the 8% Cr steel varied between 0.85% - 1.25%. For each steel three austenitizing temperatures were chosen. As shown in Fig 5, the average hardness was greater in each of the 8% Cr steels across all hardness’.  
[image: ]Figure 5 - Arieta, et al (2011)







The toughness was also measured across the different temperatures, as shown in Fig 6. There is a big drop in toughness when the heat treatment process reaches 1120˚C.

[image: ]Figure 6 - Arieta, et al (2011)







[image: ]However, in another study, D2 was again compared to an 8% Cr steel in a shear cutting test (Son, et al., 2017). This test set up is very similar to the operation currently used in TATA. The hardness and impact toughness were compared before the test, Fig 5. Figure 5 - Son, et al (2017)

Fig 7 shows the blades after the test. The 8% Cr steel shows a great deal more scratches, which indicates the wear resistance to be inferior. 
[image: ]  



Figure 7 - Son, et al (2017)

In Fig 8, the chips that are present on the 8% Cr steel can be seen. These are not visible on D2. The cut edge can be seen in Fig 9 and shows that D2 has a flatter cut edge when compare against 8% Cr steel.
[image: ]Figure 8 - Son, et al (2017)









[image: ]Figure 9 - Son, et al (2017). a = D2. b = 8% Cr steel.








It was concluded that the 8% Cr steel was more susceptible to chipping, scratches and roundness of the cut edge. To potentially improve the performance of the 8% Cr steel, it was recommended to temper the steel at a higher temperature.

[bookmark: _Toc43652481]Alternative Material Options
[bookmark: _Toc43652482]Manganese Steel (Hadfield Steel)
Manganese steel (MS) is a steel with high content of manganese, approx. 11 to 14%, and carbon, approx. 1.1 to 1.4%. It is known for its very high resistance to wear and work hardening ability. This type of steel can be exposed to high levels of repeated impacts or abrasions which in turn will work harden the steel (Ellis, 2020) (Hashmi, et al., 2017). The steel can be work hardened to over 550 Brinell (56 HRC) which is of a similar specification to Askodyne-C (Titus Steel, 2020) (Tasker, 2001) (Ellis, 2020). Although, manganese steel starts at around 220 Brinell (20HRC) until it gets work hardened (Havel, 2017) (Cakir, 2016) (Titus Steel, 2020) (Ellis, 2020).
The two points of its wear resistance and work hardening would make it an ideal candidate for the blade material. However, MS is extremely difficult to machine as when it gets machined the surface gets work hardened (Ellis, 2020) (A.J. Marshall, 2020). It is however possible to machine MS by selecting the correct cutting tools and speeds while making sure that the cutting tool is constantly cutting and chatter marks occurring (Havel, 2017) (Cakir, 2016). When work hardening MS only the outer layer of the steel gets hardened and the layers underneath “remains ductile and Tough” (Titus Steel, 2020).
MS had recently been design for use in additive manufacturing by using laser metal deposition and selective laser melting and varied results of work hardening depending on the level on aluminium used in the mixture (Kies, et al., 2018).
[bookmark: _Toc43652483]Titanium Aluminium Nitride Coating
Titanium aluminium nitride (TiAlN) is a coating usually applied by using physical vapor disposition. It is known to be very hard and have excellent resistance to wear (Wallwork, 2020) (Chauhan & Rawal, 2014) (Prengel, et al., 1998) (Premanond, et al., 2018). 
TiAlN was used to coat D2 steel disks to measure the wear resistance improvements, the coating process also used fine shot peening (FSP) (Premanond, et al., 2018). Before the steel was coated, it was first FSP. The wear resistance was checked after each process and recorded, Fig 10.

[image: ]Figure 10 - Premanond, et al (2018)







	Process
	Surface Modification Process

	A
	Hardened D2

	B
	FSP

	C
	PVD - HiAlN

	D1 - D4
	Different levels of FSP and coating



The results show that FSP on D2 steel helps to improve wear resistance. TiAlN – PVD coating also helps to improve on this reading. It was also found that FSP before coatings helps to improve the bond strength between the coating and substructure.






[bookmark: _Toc43652484]Conclusions 
Cold work tool steels are designed for use in shearing and scrap cutting operations so should be the obvious choice when deciding on a material to use. Both D2 and 8% Cr steel have excellent hardness and wear resistance. Although, there are counter arguments in the toughness of these materials. With (Viale, et al., 2002) and (Arieta, et al., 2011) concluding that 8% Cr steel can have a higher level of toughness and it can be twice the level of D2 when tempered up to 575˚C with the same hardness. Whereas, (Son, et al., 2017) concluded that even though 8% Cr steel had a higher impact resistance it was more prone to chipping and the cut edge rounded quicker. However, the steel in this test was only tempered to 180˚C which is considerably less than the previous experiment. All these experiments austenitized the steel to 1030˚C.
Using a different material on these blades does not look to be a suitable option. Manganese steel work hardens up to 56 HRC but as it start at around 20 HRC (Titus Steel, 2020) (Tasker, 2001) (Ellis, 2020) it may well chip before the top end hardness is reached. There are also question marks on the ability to machine manganese steel. Using TiAlN to coat a blade is another option looked at. It was shown to improve the wear resistance of D2 steel while being fine shot peened (Premanond, et al., 2018). Although, this test was not carried out for shearing or chopping but on two faces rubbing together. There is also not much information on the hardness or toughness.

















[bookmark: _Toc43652485]Recommendations 
It would be beneficial to obtain the material composition and the temperatures used when austenitizing and tempering for Askodyne-C. After these are obtained and reviewed, a trial using 8% Cr steel with 1.15% C and 0.4% V austenitized to either 1030˚C or1060˚C should be completed. This composition gave the best mix of toughness and hardness in (Arieta, et al., 2011) study. It could however be found that the best material is currently being used.
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Scrap chopper drawing
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[bookmark: _Toc43652490]Appendix 1.2
Section view of one scrap chopper.
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[bookmark: _Toc43652491]Appendix 1.3
Section view of upper and lower barrels.
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Scrap chopper blade costs
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Scrap Chopper Blades Costs











Sum of 2018	Total	40183.199999999997	Sum of 2019	Total	35622.239999999998	Sum of 2020(predicted)	Total	34608.959999999999	Year

Cost
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FIG. 2—Hardness response of AISI D2 and the 8 % Cr cold work tool steels after austenitizing at 1030°C,
1060°C, and 1120°C, followed by a cryogenic treatment and three tempers of 2 h each at 520°C.

smaller (around 15 pm), more homogeneously distributed, and, unlike the D2 steels where the carbides

are essentially dark or lighter gray in colour, with the 8 % Cr steels the presence of three carbide col-

ours—gray, black, and white—was clearly observed. Such a difference is obviously related to the chemi-

cal composition differences between the 8 % Cr and AISI D2 steels, which result in carbides of different

chemistries and volume fractions. ThermoCalc simulation was used to identify the expected primary car-

bide types as a function of steel composition for all investigated steels. In the case of D2 steel, MC and

M;C; were predicted, but EDS microprobe analysis revealed that the large carbides were M;Cj high chro-

mium carbides with Fe, Mo, and V dissolved, whereas the lighter gray carbides were also M,C5 high chro-

mium but with higher contents of Mo. Very rarely and sometimes attached to the large chromium carbides Store and share files in the
the presence of black spots of VC carbides was observed. In the case of all 8 % Cr steels, apart from the Cr=—=nEm)
expected M;C3 chromium carbides, the presence of MC carbides was found and also predicted by Ther- L bn
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When both impact and hardness values were plotted for the whole austenitizing temperature range and

the pre-chosen carbon content range, the relationship shown in Fig. 6 was obtained. Figure 6 shows that .
although a better balance of toughness and hardness was obtained with the 8 % Cr steels with carbon con-

tent up to 1 %, for the hardness range of 60-63 HRC (typical for many cold work applications), higher Comment
hardness and impact values were obtained simultaneously for the whole family of the 8 % Cr steels than A4 Fillasign
for the D2 steel. Thus, after austenitization at 1030°C or 1060°C, followed by the cryogenic treatment and

three 2 h at 520°C tempers, the whole family of 8 % Cr steels investigated presented superior hardness # More Tools

response and impact toughness over the traditional AISI D2 steel, corroborating with research works with
similar types of tool steels [1,2]. However, when the hardness was higher than 63 HRC, as a result of aus-
tenitization at 1120°C, the impact values of the 8 % Cr dropped to very low levels, similar to (and for
some steels even lower than) the D2 steel. These results can be explained due to higher matrix hardness
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requirement from tool makers and stampers. The hardness of D is higher, which
is more apparent in HV.. This accords with the results of a few previous work
which presented the hardness comparison of D2 and 8% Cr steels after low-
temperature (below 240 °C) tempering as applied in this study [9], [10], [16].
Although the hardness shows small supremacy of D2, impact toughness of Cro8H
is much greater. And this indicates the superior resistance to fracture in Cro8H. It
is well known that the wear and the fatigue resistance of 8% Cr steels are much
improved from those of D2 due to their increased impact toughness [9], [10].

‘Table 2. Mechanical properties of the blade materials after quenching and tempering.

Alloy  Hardness(HVi)  Hardness (HRC)  Impact toughness (J/em?)
D2 732.5 61.76 2542

CrosH 7022 60.72 15.00

Fig. 4 presents the comparison of the upper blade surfaces after the test. CroSH
shows even more distinct scratches from the edge, which explicitly tells the
inferior wear resistance to D2. Besides the scratches, micro chippings were
frequently found at the edge of Cro8H. Fig. 5 shows the secondary electron images
taken on the blade surfaces near the blade edges. Typical appearances of surface
smearing are observed due to plastic deformation introduced during the progress
of wear. In Fig. 5(2) and (b), rounded edges due to wear are also discernible.
Although the depth of edge rounding varied depending on the site of observation,
it is generally deeper in Cro8H as represented in Fig. 5(a) and (b). The average
depths were 55 and 90 pum for D2 and Cro8H respectively. And this reconfirms the
inferior wear resistance of Cro8H which may contradicts many previous reports
on general higher performances of 8% Cr steels by the more sophisticated (and
expensive) compositions [9], [10], [11], [12], [13], [14], [15], [16], [17]. Fig. 5(c) and
(d) present higher magnification observations at the rounded edges. Both steels
revealed large and small craters, which indicated that the material removal during

wear proceeded discontinuously. Most of the craters contained particles, i.e. M,Cy Feedback ()
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Cro8H at a higher magnification (a few craters containing carbides and cracks linking
craters are marked by solid and broken arrows respectively).

A considerable number of chippings were observed in Cro8H whereas little
chipping was discernible in D2. The chipping can be considered as a localized
fracture and consequent detachment of material. Therefore, considering the even
higher impact toughness of Cro8H in Table 2, this higher susceptibility to
chipping should be unexpected to the supplier of the blade materials. Fig. 6 shows
typical chippings in Cro8H. They were a few hundreds of micrometers both in
width and depth. And they had approximately flat and smooth bottom surfaces
which implied the predominance of brittle fracture.

Download : Download full-size image

Fig. 6. Microscopic observation of the chippings in Cro8H: SEI (a) at a low magnification
and (b) a higher magnification.

Fig. 7 shows the cross section views of the blade edges after the cutting test. These
present clearer observation of the behavior in crack propagation. And they

reconfirm the apparent difference in the distribution of carbides between the two

materials although it was somewhat different from the observation in Fig. 3 owing

to the different observation surfaces (or sample orientation) and inhomogeneous

microstructures within bulk materials. In a low magnification, i.e. Fig. 7(a) and

(b), it can be known that the flatness of edge was better preserved in D2. Because Feedback O
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of more wear and chippings observed on the worn blade surfaces, the edge of
Cro8H was more curved and rugged. In a higher magnification, i.e. Fig. 7(c) and
(d), micro cracks which would lead to chippings or total fracture can be observed.
Many cracks from the edges propagated along the prior austenite boundaries
which could be revealed on etched surfaces. And debonding of some carbides at
these crack passages was also frequently observed. Some coarse carbides were
cracked even in the situation that they were quite apart from the edge. This was
even frequently observed in D2 owing to its more and larger carbides. However,
these cracks tended to be isolated within the carbides and were hardly linked to
the cracks preferentially along the prior austenite boundaries from the edge.

Download : Download full-size image

Fig. 7. Cross section view of the blade edges: (a) D2 and (b) Cro8H at a low magnification, (c)
D2 and (d) Cro8H at a higher magnification.

Fig. 8 presents the cross section view of a chipping site in Cro8H. As observed on
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Wear area (um?)
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Disk

Figure 6. Wear area of the disk after 400 m relative sliding under dry condition.

Conclusions

Several conclusions can be drawn from this works are as followed.,
1. Fine shot peen on the hardened cold work tool steel surface helps to improve wear resistance.
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