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1. Introduction
1.1 The Task
An Investigation was performed within Gastamp Tallent to prove that the longer USIBOR 1500 material was in a furnace for Heat Treatment, the less weld ability properties it will gain. The task at hand was to determine at what point the material becomes non-conforming to a customer standard, and how long it was in the furnace. When USIBOR material is heat treated, the iron atoms defuse into the coating creating a diffusion layer. This diffusion layer can cause weldability problems depending on the thickness. The idea is to find out at what point the diffusion layer becomes too thick and fail the test. Testing will be conducted over 8 parts against different times of duration within the furnace. Resistant spot welding will be the welding process that will be tested as this process is widely used across the world. The spot welds will be tested against ES6M2A-1K251-AB that represent Ford, Volvo and jaguar Land rover. 

1.2 Gestamp Tallent
Gestamp was formed in 1997 in Spain, they have factories across 22 countries with 13 R&D facilities. They manufacture car parts for various different car manufacture but in Llanelli the main customer is Jaguar and Land rover that take up majority in their production. The highest production model they currently make is for the L550 (Fig 1). Other high production cars are the X82 Jaguar XE, Volvo V40 and L538 Land rover Evoque. In 2018, 95,000 units were sold globally. 
[image: Land Rover Discovery Sport L550 (2014-present): Review, Problems, Spe...](Fig 1) Land Rover Discovery Sport
1.3 Material
USIBOR1500 is a material that has the intention of being heat treated to the desired microstructure to give the intended mechanical properties. USIBOR 1500 has the following chemical composition (Fig. 2). The material is coating with AlSi to give its overall corrosion resistance giving the product a longer service life when out on in the field. The advantages of hot stamping process of the USIBOR1500 are:
· High Formability
· Ability to form complex shapes
· High toughness
· Good dimensional tolerances
· Decent weldability if process is controlled

[image: ]
(Fig.2) Table of Chemical composition 
When the material has been heat treated, the Fe atoms diffuse into the coating creating an ‘orange’ layer throughout the entire part (Fig.3), although the appearance of the product appears grey and dull, but if the material is in the furnace longer, the material has a pink tint to it. 
layer (IDL) and there are no voids. The subsequent soaking stage enables the formation of a four-layer microstructure in the overall coating, where L1consists of two sub-layers: L11at the coating/steel interface; and L12at the L1/L2interface (Figure.5b). The formations of L11and L12are due to the inter-diffusion of Al atoms from the coating into the steel, and of Fe atoms from the steel into the coating, respectively (Figures.5a and 5b). L11is made of the α-Fe phase (or Fe-Al ferrite,) and L12is the Fe-rich intermetallic FeAl. (Sohmshetty, 2018)
[image: ]





(Fig.3) diagram showing a diffusion layer being created
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										  (Fig.4) Colour 									       difference vs time										   
										
1.4 Hot Stamping 

[image: ]
Nowadays, deep drawing, incremental sheet forming, and hot forming become very popular in sheet metal forming. Reducing the vehicles weight and increasing strength bring use of hot stamping processes. Hot stamping is one of the most productive methods of forming processes. The process was developed and patented in 1974 by NJA, which later merged to SSAB Hardtech and is today known as Gestamp Hardtech. (GÜLER, 2013)
In Gestamp Llanelli, they have a hot stamping line that is built with the purpose of heat-treating material by heating the material up to 920°C (±10°C) to reach its austenitic phase, quenching it up to 5 seconds causing it to become Martensitic. A Martensitic microstructure gives the desired mechanical properties, the material becomes lighter, stronger and brittle. 
Hot stamping has many sections of the process that are vital to deliver the perfect products. First section of the process is the Destacker, the destacker objective is to pick up USIBOR blank material, take them to a little press that stamps a date. The date is significant as if a part fails out in the field, it can be traced back to the date, time and batch the material was made. The destacker then takes the material and drops it on the ceramic rollers.
Material is then fed into the furnace at roughly 920°C to start being heat treated. Heating up the material causes the BCC lattice to change to an FCC 
The phase transition to austenite may be mapped out for iron and steel. For iron, alpha iron undergoes a phase transition from 912 to 1,394 °C (1,674 to 2,541 °F) from the body-centred cubic crystal lattice (BCC) to the face-centered cubic crystal lattice (FCC), which is austenite or gamma iron. Like the alpha phase, the gamma phase is ductile and soft. However, austenite can dissolve over 2% more carbon than alpha iron. Depending on the composition of an alloy and its rate of cooling, austenite may transition into a mixture of ferrite, cementite, and sometimes pearlite. An extremely fast cooling rate may cause a martensitic transformation into a body-centered tetragonal lattice, rather than ferrite and cementite (both cubic lattices). (Helmenstine, 2018)
[image: Archivo:Iron carbon phase diagram.svg]
Austenitic material is then fed into the press with water cooling tools to form the part and quench the material. Typically, the transition time for the material to leave the furnace and enter the tool is 6-10 seconds. Press drops and forms the part; the part will be held by the tool until the material reaches 200°C to ensure the material has left the austenitic phase and will no longer change mechanical properties. (Fig.4)
[image: ]
(Fig.4) cross section on press forming and cooling down material


2. Literature Review
To help with the investigation, a lot of research was looked in to and few discussions with the metallurgist. It is believed that the diffusion of the Iron atoms into the coating will have substantial effects when it comes to welding. Previously Gestamp has done a lot of Metal Active Gas welding to heat treated Boron steel. Apparently, it is quite common to see a reduction of welding characteristics in the Boron steel compared to standard mild steel with the same parameters. In terms of Resistance spot welding, the same principle should be the same. Past studies show that this principle has been proven by Gestamp Hardtech.
Weldability of AlSi coated boron steel is positively affected by a high-volume fraction of Al-rich AlxFey and negatively affected by a high-volume fraction of Fe-rich AlxFeySiz. (Aldén, 2015)
This study was conducted to find out if the AlSi coating thickness has any effect on the characteristics of a spot weld. The Coating in the products tested in this report conform to STJLR 50.5176 High Strength Steel Sheet for Press Hardening standard as this is want the customer wants to test to, or if not close to, day to day production life to hopefully give a bracket of tolerance of, how long material blanks can be in the furnace before they do not conform to the standard.
A worry that was brought up in Gestamp was that would the AlSi coating get stuck between the two materials making it even harder to fuse together, they theory seemed to be good as the electrodes would have to pules through two materials and 4 coatings with diffusion layers, but this was debunked as a study has already been performed.
no presence of aluminium could be detected by EDX measurements in the nugget or at the fusion boundary. Therefore, it does not play any role in the δ-Fe formation at the fusion boundary of Al–Si-coated steel. (Sherepenko, 2019)
In the past Gestamp have always spot-welded materials together before the hot stamp process to avoid any diffusion layer problems, by welding together blanks and forming the complete part during the stamping process.
[image: Image result for spot weld]
3. Materials and Production
3.1 Hot stamping
The Material under investigation is 1.3mm thick USIBOR 1500 after heat treatment. Single pairs of material were fed into the hot stamping furnace preprogramed to feed the part from start to finish in a total of 300 seconds. After exiting the furnace, the material will be press in to an X761 closure, the same process will repeat for 300 - 1000 seconds in increments off 100 seconds, this should give a good spread of tests to conduct. 8 pairs were collected from the press with a range of colour (Fig. 5). This will ultimately give us a good indication of at what point does a spot weld become nonconforming against time in the furnace.
[image: ]
(Fig.5) Range of colour of parts collected
3.2 Laser cutting
The products that are produced by the Hot stamping process, are later moved over to the Laser cutting process, the Lasers objective are to cut down a product down to the desired dimensions, hole requirements and any special characteristics required. This process is required because the test products will not be able to assemble in the next process as it only will run with cut complete parts. The laser will also cut Tensile out of the material for further testing (Fig.6).
[image: Graphical user interface

Description automatically generated]
(Fig.6) CAD model of the laser cutting the products.

3.3 Assembly
Assembly cells are used to assembling and requirements to products for later functions at the customer. Common assemblies usually assemble brackets or other products together to create one complete part. A variety of processes can be used to achieve this, Resistance spotwelding is what was used for this product. (Fig.6)
[image: ]
(Fig.6) Assembly cell that is assembling the products required for this report
The Products was taken to an assembly cell. The assembly cell is programmed to collect a pair of parts, take them away and assemble 2 brackets to the part by resistant spot-welding. The recipe to create the spot weld stayed constant nothing changed between each part. All parts were full assembled and was contained on a pallet within the laboratory to prevent them from being mixed into existing stock or being misplaced. (Fig.7)
[image: cid:5B539168-1E22-4D1C-AE69-9BCAC491B688][image: cid:6BE30F79-5523-48F5-AAED-9679E24E93E6]
Fig.7 photos of the parts in the investigation
4. Testing and examination
4.1 Tensile Test
Tensile were cut out of the product to verify that the material has been heat treated and is conforming to customer standard to replicate day to day testing. With this specific part, the material will be tested against STJLR 50.5176 High Strength Steel Sheet for Press Hardening.
[image: cid:image003.png@01D72613.675AFF90]
All properties quoted are to be tested in accordance with BS EN ISO 6892-1 in the transverse direction with 80 mm gauge length unless specifically stated otherwise. (Limited, 2016) (Fig.8)
[image: ]
(Fig.8) Table showing mechanical properties requirement for USIBOR 1500 (BORON1300)
[image: ]Tensile tests will be conducted on a Zwick Z150 Tensile machine, the Zwick machine in user friendly and easy to use, 3 thickness measurements are taken across the gauge length to give an average thickness, 3 width measurements across the gauge length. These dimensions are measured by using a UKAS calibrated point micrometre. 








[bookmark: _Hlk71289571]4.2 NDT Ultra sonic A-Scan Testing
[image: Schematic diagram of the ultrasonic testing (UT) set-up, depicting the test screen and compression probe.]
Ultrasonic testing is a method used to detect flaws and lack of fusion in materials without destroying the product. Signals are being sent through the material and is being reflected off the back wall back to the Transducer. It will give a reading showing the distance from the transducer to the back wall. But if a flaw is in the way of the back wall, the signals will reflect off the flaw giving a lower distance measurement proving that there is a flaw in that area. In terms on resistance spot welding, Gestamp uses ultra-sonic testing to find out if the two materials being spot welded together have fused without a gap in between them. If we have 2 materials at 2mm combining to 4mm with lack of fusion, the ultrasonic tester will send a signal at 2mm identifying that there is a flaw or lack of fusion.
Testing was conducted across all of the parts received from the assembly cell across all of the parts with different timings. The attenuation of the graph generated by the signals was produced and auto freezes when the program determines an OK or NOK with regards of the standard requirements supplied by the customer (Fig.9). At around 700-800 seconds (Fig.10), the material had a trend of failing showing that the material has a flaw or lack of fusion between the two materials.

[image: cid:4F149FDB-4459-4D06-8CF2-C2FBCE0DC049] [image: cid:481EC651-F21B-4DAA-998B-10B3EEB3659B]
Fig.9 Passed Spot weld				Fig.10 Failing Spot weld

4.3 DT chisel test 
To perform this test, a pneumatic drill was used in order to tear the two materials from each other. The objective of this is to visually see how much of the spot weld has been fused between the two materials. After tearing apart the materials, a spot weld (slug) should be left attached to one of the pieces. To measure the slug, measurements of the length and width is required divided 2 to get an average (Fig.11). 
[image: ]
Fig .11 diagram showing how to measure the remaining slug

These Spot welds are being tested to Es-6M2A-1K251-AB Resistance spotwelding standard as requested by Jaguar Land Rover. Inside the standard, it reads:
Table 2 (Fig.12) lists the minimum button & fracture face diameter dP measured following a destruction test. The minimum button or fracture face diameter is the relevant dimension for joint design and weld layout. The governing sheet metal thickness refers to the nominal thickness, the minimum button & fracture face diameter is determined using the thickness of the thinnest sheet.
Meaning that the slug required is a minimum of 5mm diameter average, this has been determined by the thinnest material being 1.3-1.4mm falling in the 1.25-1.99 bracket.
[image: ]
(Fig.12) Table of minimum requirements against material thickness

4.4 Preparation for Microscopic inspection
Further inspection was conducted, little coupons was taken from the material roughly 10mm², the samples was taken from the centre of the part. The samples were then taken to a high-pressure hot mounter that takes resin gains, melts it down and solidifies around the 10mm² pieces, this process is needed for the samples to be polished to a high standard. Then, are taken to Gestamp’s Eco met 250 automatic polishers. The samples were polished though 5 different grits of disks. The first two disks’ objectives are pure to get the sample flat and to have a decent grind. Theses require the samples to be put into the polisher at high speeds and high force and water, once that has been complete, the next disk is a 9µm polish disk that requires 9µm diamond suspension added to the disk periodically over 4 minutes. Next disk is 3µm that requires 3µm diamond suspension, finally the last stage is 1µm disk with 0.5µm diamond suspension, this disk is different to the others as this disk creates a chemical reaction that gets rid of any blemishes and any little marks left from previous stages.
[bookmark: _Hlk71733696]Once all the samples were completely polished to a high standard, the products need to be etched to be able to be inspected under a microscope. The Etchant that is being used to etch these samples is called Nital. Nital Etch, is an etchant that is used to Inspect Steel product after machining or grinding, Nital is a mixture of Nitric Acid (HNO₃) and Methanol (CH3OH) at a ratio of 5% Nitric Acid. After creating the etchant, the samples were then dipped into the liquid for roughly 5 seconds. The samples quickly become for dull looking with no shine to them. (Fig.13)
[image: cid:0FC5E5FA-18F8-4D60-925A-C94011388D5D]
(Fig.13) Samples after polish and etchant.

4.5 Microscopic inspection
[image: ][image: ]Firstly, the AlSi coating was inspected to find out what the sizes of diffusion layers are. Because of the different duration times in the furnace, this will have a big effect on the size of diffusion layer, as the Iron atoms will have more time to diffuse into the AlSi coating. The customer standard requires the coating to have 28µm - 48µm of total coating thickness and <16µm in total diffusion layer, and only requires 1 measurement of both coating and diffusion layer. The diffusion layer can be defined at the orange colour in the coating and to be measured from the material to the end of the first diffusion layer.

			300 Seconds						700 Seconds
			Coating - 39.24µm					Coating – 45.63µm
			Diffusion – 7.08µm					Diffusion – 19.5µm
[image: ][image: ]		

			400 Seconds						800 Seconds
			Coating – 42.47µm					Coating – 41.7µm
			Diffusion – 14.42µm					Diffusion -23.23µm
[image: ]
[image: ]
			500 Seconds						900 Seconds
			Coating – 43.18µm					Coating – 44.23µm	
			Diffusion – 15.5µm					Diffusion -24.11µm
[image: ]
[image: ]						
			600 Seconds						1000 Seconds
			Coating – 47.84µm					Coating – 50.64µm	
			Diffusion – 18.39µm 					Diffusion – 25.39µm




5. Data
5.1 Tensile test
Mechanical properties were tested to ensure the material is conforming to STJLR 50.5176. This standard requires the material to have the following properties:
· UTS = 1300 – 1600 MPa
· Yield = 950 – 1200 MPa
· Elongation = >4%
· Vickers Hardness = 400 – 580 Hrv
All of the test pieces are conforming to the standard required, this proves all the material has been through the correct amount of cooling for the material to be martensitic. When it comes to Tensile testing, the duration of material in the furnace doesn’t seem to have any effect to the mechanical properties. A graph wasn’t created for AlSi coating thickness as these would have no effect on the furnace time and should be controlled by supplier.
	Seconds 
	Diffusion (µm)
	AlSi coating
(µm)
	Yield
(MPa)
	Elongation
(%) 
	UTS
(MPa)
	Hardness
(Hrv)
	Hardness
(Hrv)
	Hardness
(Hrv)
	Average
(Hrv)

	300
	7.08
	39.24
	1086.6
	5.8
	1473.5
	408
	390
	412
	403.33333

	400
	14.42
	42.47
	1045.6
	4.6
	1483.1
	404
	401
	428
	411

	500
	15.5
	43.18
	1075.6
	6.3
	1477
	457
	395
	398
	416.66667

	600
	18.39
	47.84
	1075.6
	6.3
	1477
	370
	444
	397
	403.66667

	700
	19.5
	45.63
	1090.4
	5.9
	1468.9
	353
	414
	393
	386.66667

	800
	23.23
	41.7
	1004.6
	4.8
	1450.2
	380
	449
	422
	417

	900
	24.11
	44.23
	1054.2
	4.1
	1456.8
	431
	444
	375
	416.66667

	1000
	25.39
	50.64
	1022.3
	5.7
	1468.9
	408
	451
	433
	430.66667


(MPa)






(MPa)








(HrV)







5.2 Spot Weld examination
NDT Spot weld examination was first conducted on the product, NDT gave reading of 2.3mm total showing that the spot welds had fused the two materials together well enough, with no gaps or voids. However, as the duration increased the NDT tests were reading 1.33mm meaning that there was a lack of fusion between the two materials. 
	
	Spot 1

	Time in furnace (seconds)
	Thickness 1 (mm)
	Thickness 2 (mm)
	Weld Length / Diameter (mm)

	300
	2.6
	2.6
	6.89

	400
	2.6
	2.6
	6.97

	500
	2.6
	2.6
	6.33

	600
	2.6
	2.6
	5.67

	700
	2.6
	2.6
	5.1

	800
	1.33
	1.33
	4.36

	900
	1.33
	1.33
	3.87

	1000
	1.33
	1.33
	3.48

	
	Spot 2

	Time in Furnace (seconds)
	Thickness 1 (mm)
	Thickness 2 (mm)
	Weld Length / Diameter (mm)

	300
	2.6
	2.6
	6.64

	400
	2.6
	2.6
	6.61

	500
	2.6
	2.6
	6.17

	600
	2.6
	2.6
	6.07

	700
	2.6
	2.6
	5.46

	800
	1.33
	1.33
	5.01

	900
	1.33
	1.33
	4.69

	1000
	1.33
	1.33
	4.20



Destruction tests were conducted, and measurements were taken, in the graphs below (Graph 1 &2), you can see all of the average readings taken by measuring length x width divided by 2. This is to find out the average diameter of the slug once it has been pulled. This measuring method is recommended by the customer, 
[image: C:\Users\Jtaylor3\Desktop\spot weld 2.PNG]















6. Discussion
6.1 Tensile tests

Mechanical properties weren’t affected by the duration of the material within the furnace, it is believed to be because when the material is being heated up, the grains decrease in size to allow the carbon to move freely between the grains, regardless of how long the material is heated, nothing will change until the product is quenched. Fig.? shows that the time of quenching, provides the mechanical properties dependant on cooling time, Gestamp aims for their material to be 100% Martensitic providing 400 HrV – 580 HrV.
It seems possible that the difference is due to an insufficient dwell time and, therefore, due to the inability to obtain homogeneous austenite. With a higher dwell time the hardness and tensile strength are higher at the same automatization temperatures because the carbon homogeneity reached the equilibrium level. (Güler, 2013-12-12)

[image: cid:3AB3C7D6-BE02-4DBE-95F7-83CD68B01B6B]



6.2 Microscopic Examination
A significant increasing trend line can be seen throughout the microscopic examination, the material that had increased duration in the furnace, had an increased amount of diffusion layer. This is because the longer time the material has in the furnace, the more time the Iron atoms have to diffuse into the coating. The diffusion layer thickness is vital as it is one of the factors of weldability in terms of USIBOR 1500 material. It is critical to check the Al-Si and its boundaries for designing practice. It is imperative to control the thickness of the surface layer to stay away from issues with a higher thickness of the surface layer which prompts the breaking of this surface layer because of its warm penetrability and the arrangement of various anxieties in the base material and the surface layer. The diffusion layer became non-conforming at 500 seconds in the furnace resulting in high diffusion layer.
6.3 Spot weld performance
Ultrasonic NDT testing proved that the spot welds became non-conforming at the range of 700- 800 seconds giving readings for 1.33mm, these readings were given because the ultrasonic signals could not reach the second material’s back wall instead the signal was reflected off the first material providing that reading. To support the NDT method, the destructive test showed that the spot weld physically failed at 700 – 800 seconds. The graphs in show that there is a declining trend in spot weld performance. Even though there could be other factors that influence a declining trend, like the spot weld robot’s tip will be more worn on the last welds compared to the first couple of welds. but it is highly believed that the diffusion layer has a bigger contribution to the spot weld performance than the other factors.

7. Conclusion
In conclusion, the investigation was a success, and the following was achieved:
· This Gives Gestamp a clear indication of how long the material can be in the furnace before it becomes non-conforming
· Supports the theory that diffusion layer is dependent on dwell time
· Diffusion layer has a big impact towards weldability properties
· Supports other reports that dwell time does not affect mechanical properties
· This product, the maximum dwell time the material can be in the furnace is 500 seconds before it becomes non-conforming because of the diffusion layer
If this investigation were performed again, it would have been ideal to have products that span over more times, like in increments of 50 seconds each, have more samples at each dwell time to give a good average of measurements as there can a bit of variability between measurements, Between each spot weld, either change the tip of the robot or redress the tip to give optimal performance and possibly test different thicknesses to see if 500 seconds dwell time applies to thicker material or would it be greater.  This investigation should be and will be used in the future to determine recipes for each individual material that is being used with in Gestamp.
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300	400	500	600	700	800	900	1000	1086.5999999999999	1045.5999999999999	1075.5999999999999	1075.5999999999999	1090.4000000000001	1004.6	1054.2	1022.3	Duration in furnace 


Yield Strength 
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Vickers Hardness 



Spot 1  
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Spot 2  
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Shorthand Code Yield Strength Tensile Strength Elongation Elongation (A5)
MPa MPa % %
Min Max Min Max Min Min
BORON1300 950 - 1300 - 4 6
BORONS550 400 500 550 650 15 20
PHS450 370 425 450 550 15 20
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1.25-1.99
2.00 - 3.00

Table 2: Minimum Button- /Fracture Face Diameter dp
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Table 1: Chemical Composition (wt %)
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