A. Clarke
Student ID: 2309711



Dynamic Stress and thermal response investigation for the Steven Impact Test Housing Faceplate.

Physics
Module code ACDB4007



Alex Clarke 
2309711@student.uwtsd.ac.uk
Level 4 OME Course
July 2024
[image: University of Wales Trinity Saint David - myday]


Table of Contents
1	Introduction	5
1.1	Steven Test	5
1.2	Johnson Cook model	5
2	Materials	7
2.1	Projectile	7
2.2	Faceplate	7
3	ABAQUS MODELLING	8
3.1	Parts	8
3.2	Parameters	9
3.3	Modelling results at 65 m/s	10
3.3.1	Rear faceplate and side cut response	10
3.3.2	Bolt hole response rear face	12
3.3.3	Velocity of projectile	14
3.3.4	Impact face Thermal response	14
3.4	Modelling results at 130 m/s	14
3.4.1	Rear faceplate and side cut response	14
3.4.2	Bolt hole response rear face	17
3.4.3	Velocity of projectile	18
3.4.4	Impact face Thermal response	18
4	Conclusion & Evaluation	18
5	References	20

Figure 1 Steven Test Assembly including faceplate.	5
Figure 2 Typical stress/ strain curve.	5
Figure 3 Projectile Part in ABAQUS	8
Figure 4 Face plate Part in ABAQUS	9
Figure 5 Assembly in ABAQUS	9
Figure 6 Projectile Velocity loading at 65 m/s	9
Figure 7 Projectile Velocity loading at 130 m/s	10
Figure 8 Assembly Meshing	10
Figure 9 65 m/s Initial impact side cut direct and shear stress.	11
Figure 10 65 m/s Initial impact rear face direct and shear stress	11
Figure 11 65 m/s Initial Midway through model cut direct and shear stress.	11
Figure 12 65 m/s Midway through model rear face direct and shear stress	12
Figure 13 65 m/s End of model side cut direct and shear stress.	12
Figure 14 65 m/s End of model rear face direct and shear stress	12
Figure 15 65 m/s initial impact bolt hole response.	13
Figure 16 65 m/s Midway through model bolt hole response.	13
Figure 17 65 m/s End of model bolt hole response.	13
Figure 18 65 m/s Projectile velocity.	14
Figure 19 65 m/s Thermal response	14
Figure 20 130 m/s Initial impact side cut direct and shear stress.	15
Figure 21 130 m/s Initial impact rear face direct and shear stress	15
Figure 22 130 m/s Midway through model side cut direct and shear stress.	15
Figure 23 130 m/s Midway through model rear face direct and shear stress	16
Figure 24 130 m/s End of model side cut direct and shear stress.	16
Figure 25 130 m/s End of the model rear face direct and shear stress	16
Figure 26 130 m/s initial impact bolt hole response	17
Figure 27 130 m/s Midway through model bolt hole response.	17
Figure 28 130 m/s End of model bolt hole response.	17
Figure 29 130 m/s Projectile velocity	18
Figure 30 130 m/s Thermal response	18

Table 1 AISI-1045 Steel Material properties	7
Table 2 AISI-1045 Steel Johnson Cook properties.	7
Table 3 DC01 Steel Material properties	8
Table 4 DC01 Steel Johnson Cook properties.	8
Table 5 Maximum Stress figures	19

Equation 1 Jonson-Cook Plasticity Model	6
Equation 2 Strain rate and temperature expanded	6
Equation 3 Johnson--Cook Damage model	6




[bookmark: _Toc172709830]Introduction
The aim of this report is for the learner to carry out Finite Element Analysis (FEA) using the ABAQUS software package to investigate the mechanical (direct and shear stress) and thermal response of the impact of a projectile at multiple velocities (65 and 130 meters per second) into a faceplate used in the Steven test. Sections 1.1 and 1.2 below define what the Steven test is and the Johnson Cook model used for high strain rate impacts within the ABAQUS software.
[bookmark: _Toc172709831]Steven Test
The Steven test is an impact test used to determine the reaction threshold for a contained explosive sample. A consolidated explosive sample is enclosed in a housing comprised of a back plate (housing), strong ring and face plate, to which a projectile is fired from a gas gun to impact on the faceplate of the housing. For the purpose of this investigation the learner will only be looking at the mechanical and thermal interaction of the projectile impacting the faceplate of the housing assembly highlighted in figure 1, rather than looking at the threshold response of the explosive material. The normal reaction threshold for a HMX based explosive formulation is between 62 and 65 m/s. [1]
[image: ]
[bookmark: _Toc172709921]Figure 1 Steven Test Assembly including faceplate.
[bookmark: _Toc172709832]Johnson Cook model
Stress strain curves of a metal material can be broken down into three main regions and can be seen in figure 2 [2] Section A-B show the elastic response, B-C show the plastic response and C-D show the damage response of the material. Section C-D’ would be the response of the material if no damage had occurred.
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[bookmark: _Toc172709922]Figure 2 Typical stress/ strain curve.

For the modelling of the Steven test impact the ABAQUS software used the Johnson-Cook Plasticity model and the Johnson-Cook Damage model. These are both used as the model is used for large deformation, high stress, high strain rate and elevated temperatures. The Johnson-Cook Plasticity model (equation 1) shows the flow stress of the material whilst the Johnson-Cook Damage model (equation 3) shows the fracture strain of the material.[3]
[bookmark: _Toc172643879]Equation 1 Jonson-Cook Plasticity Model
[image: A group of symbols on a white background
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σ is the flow stress of the material.
A is the yield stress.
B is the strain hardening constant
C is the strengthening coefficient of strain rate
M is the thermal softening constant
In the model ἐ* and T* are explained below in equation 2.
[bookmark: _Toc172643880]Equation 2 Strain rate and temperature expanded.
[image: A black and white image of a mathematical equation
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ἐ is the strain rate
ἐref is the strain rate reference.
T is the temperature
Tm is the melting temperature of the material.
Tref is the reference temperature.
[bookmark: _Toc172643881]Equation 3 Johnson--Cook Damage model.
[image: A black and white image of a mathematical equation
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εf is the fracture strain.
D1 -D5 are the damage model constants.
σm is the mean stress.
σeq is the equivalent stress.


[bookmark: _Toc172709833]Materials
A literature review was carried out by the learner to determine the mechanical, thermal and Johnson Cook Plasticity and Damage model properties for each the projectile and the faceplate used in the ABAQUS model. Each source of information has been appropriately referenced in the reference section of this report. 
[bookmark: _Toc172709834]Projectile
As per the drawing for the projectile [4] the material used for the projectile is carbon Steel to grade 080M40 (EN8/ BS970). During the literature review, the learner determined that they would not be able to find the relevant Johnson Cook parameters for the modelling using ABAQUS. AISI-1045 steel was chosen as an alternative material for modelling purposes as it had similar properties to the 080M40 Carbon steel. Table 1 and 2 show the material and Johnson Cook properties for AISI-1045 steel.
[bookmark: _Toc172709951]Table 1 AISI-1045 Steel Material properties
	Material Properties [5]
	Unit

	Density
	 7.87 g/cc

	Elastic Modulus
	206 GPa

	Poisson’s ratio
	0.29

	Tensile strength ultimate
	515 MPa

	Tensile strength yield
	485 MPa

	Elongation at break
	10%

	Specific heat capacity
	0.486 J/g °C

	Thermal conductivity
	51.9 W/m-K



[bookmark: _Toc172709952]Table 2 AISI-1045 Steel Johnson Cook properties.
	Johnson Cook Model Properties (Optimised model) [6]
	Unit

	A
	50.103 MPa

	B
	176.091 MPa

	n
	0.5176

	C
	0.095

	m
	M

	ἐ0
	1 s-1

	Tm
	1520°C

	T0
	0°C

	Johnson Cook Damage Model Properties [6]
	Unit

	D1
	0.025

	D2
	16.93

	D3
	-14.8

	D4
	0.0214

	D5
	0



[bookmark: _Toc172709835]Faceplate
As per the drawing for the projectile [7] the material used for the test is Cold Pressed Carbon Steel DC01 (EN 10139 Grade DC01 work hardened (C390) - Low Carbon Steel) Table 3 and 4 show the material and Johnson Cook properties for DC01 steel.

[bookmark: _Toc172709953]Table 3 DC01 Steel Material properties
	Material Properties [8]
	Unit

	Density
	7.87 g/cc

	Elastic Modulus
	200-215 GPa

	Shear Modulus
	82 GPa

	Poisson’s ratio
	0.29

	Tensile strength ultimate
	270-410 MPa

	Tensile strength yield
	>=280 MPa

	Elongation at break
	>=28%

	Specific heat capacity
	465 J(kg.K)

	Thermal conductivity
	22 W/ (m.K)



[bookmark: _Toc172709954]Table 4 DC01 Steel Johnson Cook properties.
	Johnson Cook Model Properties [9]
	Unit

	A
	210 MPa

	B
	360.3 MPa

	n
	0.275

	C
	0.02

	m
	0.7

	ἐ0
	0.0001 s-1

	Tm
	1792 K

	T0
	300 K

	Johnson Cook Damage Model Properties [10]
	Unit

	D1
	0.320

	D2
	0.201

	D3
	-0.110


[bookmark: _Toc172709836]ABAQUS MODELLING	
[bookmark: _Toc172709837]Parts
In the ABAQUS software package the learner created the parts for the projectile and the face plate of the Steven test using the dimensions and materials from the provided drawings [4] [7]. Figures 3, 4 and 5 show the projectile and face place parts along with the final assembly that was to be used during the modelling.
[image: ]
[bookmark: _Toc172709923]Figure 3 Projectile Part in ABAQUS
[image: ]
[bookmark: _Toc172709924]Figure 4 Face plate Part in ABAQUS
[image: ]
[bookmark: _Toc172709925]Figure 5 Assembly in ABAQUS
[bookmark: _Toc172709838]Parameters
As per the requirement set out in the assignment brief, the learner use two different velocities for the projectile during the modelling. Everything else about the modelling including the selected materials properties and dimensions are the same but the two different velocities selected where 65 and 130 meters per second (m/s). Figures 6 and 7 show the orange arrows show velocity loading of the individual nodes in the Z axis direction for the projectile at 65 m/s and 130 m/s.
[image: ]
[bookmark: _Toc172709926]Figure 6 Projectile Velocity loading at 65 m/s

[image: ] 
[bookmark: _Toc172709927]Figure 7 Projectile Velocity loading at 130 m/s
To create the effect of bolts holding the face plate in place, boundary conditions were applied to each of the 6 bolt holes on the face plate. This can be seen in figure 6 and 7 on the blue faceplate section of the assembly. Data capture frequency for the model was set at every 0.001 Milliseconds running for 0.5 Milliseconds.
A finer mesh was applied to the faceplate compared to the projectile. This was because the leaner was more interested in the dynamic stress being applied for this scenario. Figure 8 shows the mesh applied to the assembly.
[image: ]
[bookmark: _Toc172709928]Figure 8 Assembly Meshing
[bookmark: _Toc172709839]Modelling results at 65 m/s
[bookmark: _Toc172709840]Rear faceplate and side cut response
Figures 9 and 10 show the initial impact response of the projectile to the face plate with a side cut view and the rear of the face plate. Each figure shoes the direct stress (tension/compression) on the left image and the shear stress of the right image.
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[bookmark: _Toc172709929]Figure 9 65 m/s Initial impact side cut direct and shear stress.
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[bookmark: _Toc172709930]Figure 10 65 m/s Initial impact rear face direct and shear stress
Figures 11 and 12 show the impact response of the projectile to the face plate midway through the model with a side cut view and the rear of the face plate. Each figure shoes the direct stress (tension/compression) on the left image and the shear stress of the right image.
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[bookmark: _Toc172709931]Figure 11 65 m/s Initial Midway through model cut direct and shear stress.
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[bookmark: _Toc172709932]Figure 12 65 m/s Midway through model rear face direct and shear stress
Figures 13 and 14 show the impact response of the projectile to the face plate at the end of the model with a side cut view and the rear of the face plate. Each figure shoes the direct stress (tension/compression) on the left image and the shear stress of the right image.
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[bookmark: _Toc172709933]Figure 13 65 m/s End of model side cut direct and shear stress.
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[bookmark: _Toc172709934]Figure 14 65 m/s End of model rear face direct and shear stress
[bookmark: _Toc172709841]Bolt hole response rear face
Figures 15, 16 and 16 show the direct stress response on the bolt holes on the rear face of the plate; along with the stress response plotted around the circumference of the inner face of the bolt hole for the initial impact, midway through and the end of the model.
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[bookmark: _Toc172709935]Figure 15 65 m/s initial impact bolt hole response.
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[bookmark: _Toc172709936]Figure 16 65 m/s Midway through model bolt hole response.
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[bookmark: _Toc172709937]Figure 17 65 m/s End of model bolt hole response.


[bookmark: _Toc172709842]Velocity of projectile
Figure 18 shoes the reduction in velocity the projectile upon impact with the faceplate.
[image: A screenshot of a computer
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[bookmark: _Toc172709938]Figure 18 65 m/s Projectile velocity.
[bookmark: _Toc172709843]Impact face Thermal response
Figure 19 shows the thermal response of the projectile for the impact face of the faceplate, along with a graphical representation of the thermal response on selected nodes in the model mesh.
	[bookmark: _Toc172709939]Figure 19 65 m/s Thermal response

[bookmark: _Toc172709844]Modelling results at 130 m/s
[bookmark: _Toc172709845]Rear faceplate and side cut response
Figures 20 and 21 show the initial impact response of the projectile to the face plate with a side cut view and the rear of the face plate. Each figure shoes the direct stress (tension/compression) on the left image and the shear stress of the right image.
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[bookmark: _Toc172709940]Figure 20 130 m/s Initial impact side cut direct and shear stress.
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[bookmark: _Toc172709941]Figure 21 130 m/s Initial impact rear face direct and shear stress
Figures 22 and 23 show the impact response of the projectile to the face plate midway through the model with a side cut view and the rear of the face plate. Each figure shoes the direct stress (tension/compression) on the left image and the shear stress of the right image.
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[bookmark: _Toc172709942]Figure 22 130 m/s Midway through model side cut direct and shear stress.
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[bookmark: _Toc172709943]Figure 23 130 m/s Midway through model rear face direct and shear stress
Figures 24 and 25 show the impact response of the projectile to the face plate at the end of the model with a side cut view and the rear of the face plate. Each figure shoes the direct stress (tension/compression) on the left image and the shear stress of the right image.
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[bookmark: _Toc172709944]Figure 24 130 m/s End of model side cut direct and shear stress.
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[bookmark: _Toc172709945]Figure 25 130 m/s End of the model rear face direct and shear stress

[bookmark: _Toc172709846]Bolt hole response rear face
Figures 26, 27 and 28 show the direct stress response on the bolt holes on the rear face of the plate; along with the stress response plotted around the circumference of the inner face of the bolt hole for the initial impact, midway through and the end of the model. 
[image: ]
[bookmark: _Toc172709946]Figure 26 130 m/s initial impact bolt hole response
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[bookmark: _Toc172709947]Figure 27 130 m/s Midway through model bolt hole response.
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[bookmark: _Toc172709948]Figure 28 130 m/s End of model bolt hole response.


[bookmark: _Toc172709847]Velocity of projectile
Figure 29 shoes the reduction in velocity the projectile upon impact with the faceplate.
[image: A screen shot of a graph
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[bookmark: _Toc172709949]Figure 29 130 m/s Projectile velocity
[bookmark: _Toc172709848]Impact face Thermal response
Figure 30 shows the thermal response of the projectile for the impact face of the faceplate, along with a graphical representation of the thermal response on selected nodes in the model mesh. [bookmark: _Toc172709950]Figure 30 130 m/s Thermal response

[bookmark: _Toc172709849]Conclusion & Evaluation
From the data documented in section 3 direct stress wave observed by the learner on each of the impact velocities of 65 and 130 m/s with the initial stress being a wave of compressive stress followed by tensile stress across the face plate. The final dominant stress observed across the face plate was tensile stress which is to be expected from the force of the projectile deforming and stretching the face plate. The bolt holes provided an interesting response with tensile stress forming around the whole circumference of each hole before the compression wave engulfed each of them. Table 5 documents the maximum compressive and tensile stress observed by the learner during the model. Videos of the direct stress waves were created by the learner and are available upon request of the reviewer.
Shear stress was observed by the learner on each of the impact speeds of 65 and 130 m/s. Shear stress was observed in opposite directions above and below the impact point of the projectile on the rear face of the face plate with the evolution of shear stressed being very defined. Table 5 documents the maximum shear stress observed by the learner during the model. Videos of the shear stress waves were created by the learner and are available upon request of the reviewer.
[bookmark: _Toc172709955]Table 5 Maximum Stress figures
	
	Maximum Tensile stress (MPa)
	Maximum Compressive stress (MPa)
	Maximum + Shear stress (MPa)
	Maximum – Shear stress (MPa)

	65 m/s
	+2259
	-1945
	+529
	-444

	130 m/s
	+3333
	-2041
	+1071
	-795



The comparison between maximum tensile, compressive and shear stress between the 2 impact velocities of 65 m/s and 130 m/s showed 1.5 times increase in maximum tensile stress, a similar compressive stress and almost a 2 time increase in both the positive and negative shear stress directions for the faster velocity. Upon review of the properties of the face plate material, DC01 Steel, the learner determined compressive and tensile were stress both way above the ultimate yield stress (270-410 MPa) of the face plate indicating that the response was in the plastic and damage region and way past the elastic region.
As expected, the learner observed a decrease in velocity for both projectile velocity upon impact with the face plate as the energy was dissipated through the face plate. The 65 m/s projectile showed a decrease in velocity of approximately 15 m/s with the 130 m/s projectile showing a decrease of approximately 23 m/s.
Both velocity models showed the deformation of the faceplate following impact of the projectile with the 130 m/s showing a much higher level of deformation.
Thermal response was limited for both speeds around 20°C increase for 65 m/s and around 70°C for 120 m/s. Thermal response did not permeate through the whole face place to the rear face but this could have been due to the short model run time. Ideally the learner would have run a longer model to see if the increase in temperature of the metal on the faceplate would reach the other side to have a negative thermal effect causing hot spot formation on the explosive sample that would sit behind it normally in the Steven test.
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