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ABSTRACT: The formability of high-strength sheet aluminium is increased significantly at elevated temperatures. Now, methods
have been developed to manufacture high-strength hot formed aluminium panels at mass-production volumes. The developments
enable low-cost lightweighting solutions for aluminium intensive platforms. In this paper, we describe continuum damage based
material model (CDM) and its application for simulation of part feasibility for HFQ® hot aluminium forming of deep drawn
complex door inner. The paper will look at validation of the simulation capability for HFQ® process based on correlation between
predicted thickness vs. measured from experimental trials. A comparison of the CDM material model against simple look-up table
material model is also discussed here.
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1. INTRODUCTION

discussed. It is concluded that an accurate simulation of HFQ®

Strict EU regulations on vehicle emissions drive the

process requires not only a sofisticated material model but it also

automotive industry towards building more efficient lighter

should be supplemented by a more advanced model for coefficient

weight vehicles. Aluminium alloys offer excellent lightweighting

of friction.

opportunity at progressively more affordable cost. New

2.THE HFQ® PROCESS IN A NUTSHELL

manufacturing technologies allowing forming of high and

A process which combines high formability with virtually no

ultrahigh strength aluminium alloys have emerged recently. One

springback for (ultra) high strength aluminium alloys was

such technology is HFQ® - solution heat treatment, forming and

developed and patented by a team of researchers based at Imperial

in-die quenching which combines material tempering with

College London (1) and commercialised by a spin-out company -

mechanical deformation.

Impression Technologies Ltd (ITL) (2). The process is called

In this paper the authors will discuss the capability of a

Solution Heat Treatment, Forming and in-Die Quenching, or

continuum damage based material model (CDM) in application to

HFQ® 1 for short. It consists of heating an Al-alloy blank sheet

simulation of the HFQ® process. First integration and verification

to its Solution Heat Treatment (SHT) temperature to produce a

of the CDM model into commercially available FE softwere –

homogeneous solid solution with high ductility and hence good

PAM-STAMP is discussed. Several basic test cases are shown

formability. The blank is then transferred to the press where a high

highlighting the models accuracy and capability to capture the

forming speed is set to take advantage of strain rate hardening of

effect of strain rate history on the flow curve and material ductility.

the material. The formed part is held in the tool for a few seconds

Then a thorough validation of the model based on HFQ® formed

to quench in order to avoid the formation of precipitates in the

complex high strength deep drawn door inner is presented.

microstructure. The process schematics together with temperature

Forming simulations for failed and successfully formed panels are

and micromechanics evolution is shown in Figure 1. This is a hot

shown and used for validation of the simulation capability. A

forming technology which combines mechanical deformation

study of the effect of apparent coefficient of friction is also

with alloy tempering where forming and in-die quenching are

HFQ® is a registered trademark owned by Impression
Technologies Ltd.
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done in one step. This doesn’t only reduce production steps but
also facilitates the production of high strength, high precision, and
complex-shaped lightweight Al-alloy panels in an efficient and
cost-effective way.
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where p is the equivalent viscoplastic strain, which could be also
𝑣𝑣𝑣𝑣

written 𝜀𝜀𝑒𝑒𝑒𝑒 , f is the equivalent Von Mises stress, (also written 𝜎𝜎𝑒𝑒 ),
𝑠𝑠𝑖𝑖𝑖𝑖 is the deviatoric stress tensor.

Taken the isotropic hardening as a function of dislocation density
ρ we write:
𝑅𝑅 = 𝐵𝐵 𝜌𝜌𝑛𝑛1

(5)

𝜌𝜌̇ = 𝐴𝐴(1 − 𝜌𝜌)𝑝𝑝̇ − 𝐶𝐶 𝜌𝜌𝑛𝑛2

(6)

where dislocation density is integrated from:

Fig. 1 The HFQ process in a nutshell.
3. MATHEMATICAL MODELLING OF HFQ® PROCESS
3.1. Description of CDM model
Over the last couple of years, the CDM model has been
extended to account for the effect of stress state on damage
accumulation and failure. Different shapes of forming limit
diagrams (FLCs) under HFQ® hot stamping conditions could be
predicted with different temperatures and strain rates. Integrating
those CDM-based constitutive equations into the FE code, such as
PAM-STAMP, allows the formability for any process conditions,
cold or hot and low or high forming speeds, to be predicted by the
FE simulation. A viscoplastic-damage constitutive model has been
developed that takes the mechanisms of dislocation-driven
evolution processes such as hardening, dynamic and static
recovery and damage into account (3, 5). An example of such a
model is presented below.

𝜎𝜎𝑖𝑖𝑖𝑖

(1)

Young modulus is assumed to depend on temperature.

The total strain can be written as a sum of elastic, viscoplastic and
thermal strains:
(2)

where the viscoplastic strain can be obtained from integration of
the viscoplastic strain rate given by the following:
𝑝𝑝

𝜀𝜀̇𝑖𝑖𝑖𝑖 = 𝑝𝑝̇

2

3
𝑠𝑠
2𝑓𝑓 𝑖𝑖𝑖𝑖

static recovery which appear at high temperature. Parameters A, B,
C are function of temperature.
The Viscous stress:
𝐹𝐹 = 𝑓𝑓̃ − 𝑅𝑅 − 𝑘𝑘

(7)

where 𝑓𝑓̃ = f(𝜎𝜎� ), k is the initial yield stress which is a function of
temperature in our case, if F > 0 irreversible viscoplastic strain

occurs.

Assuming power law function for the equivalent viscoplastic
strain rate we write:
𝐹𝐹 𝑛𝑛

where 𝜔𝜔 is damage variable, D is elasticity tensor in which the
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viscoplastic strain rate, it includes the dynamic recovery and the

(8)
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A stress – elastic strain relation is given by:
𝑒𝑒
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Evolution of dislocation density ρ is related to the equivalent

(3)

or

𝐾𝐾
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where parameters K and n are functions of temperature.
The damage criterion is a combination of the three invariants of
stress tensor J0 (σ), 𝐽𝐽1 (𝜎𝜎), 𝐽𝐽2 (𝜎𝜎) ,

which are respectively the

maximum principle stress: 𝐽𝐽0 (𝜎𝜎) = 𝜎𝜎1 the first invariant: 𝐽𝐽1 (𝜎𝜎) =
𝑡𝑡𝑡𝑡(𝜎𝜎) = 3𝜎𝜎𝐻𝐻 , the second invariant: equivalent stress 𝐽𝐽2 (𝜎𝜎) =
𝑓𝑓 = 𝜎𝜎𝑒𝑒 .

𝑋𝑋(𝜎𝜎) =
or

𝛼𝛼1 𝐽𝐽0 (𝜎𝜎)+𝛼𝛼2 𝐽𝐽1 (𝜎𝜎)+𝛼𝛼3 𝐽𝐽2 (𝜎𝜎)
(𝛼𝛼1 +𝛼𝛼2 +𝛼𝛼3 )𝐽𝐽2 (𝜎𝜎)
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temperatures and rates of deformation. In this paper only two

where the parameters α1, α2, α3 are temperature independent [4].
The three invariants allow representing two different damage
mechanisms, namely the grain boundary damage and the ductile
damage. Irreversible damage occurs if X > 0.

1

simple different cases are presented. First is a single element case
under uniaxial tension at 500°C and two different strain rates, 0.1
and 4 s-1. The second test is a single element uniaxial tension at
450°C with a change in strain rate.
Fig. 2 shows the one-element tensile model with comparison

Finally the rate of damage accumulation is given by:
𝜔𝜔̇ = ∆ 𝑋𝑋 𝜑𝜑 𝜂𝜂1 𝑝𝑝̇ 𝜂𝜂2 (1−𝜔𝜔)𝜂𝜂3

and multi-element uniaxial and biaxial simulations at various

between flow curves at 500°C and strain rate of 0.1 and 4s-1
(12)

whrere parameters η1, η2 are assumed to be functions of

obtained from an external numerical integration in Matlab and
PAM-STAMP. A very good correlation was found between the
two different algorithms as can be judged from Fig 2.

temperature and parameters η3, ϕ, Δ are assumed to be

PAMSTAMP

3.2. Integration of the CDM into PAM-STAMP
In the scope of the Explicit Solver PAM-STAMP, the
equilibrium equations are solved based on an explicit numerical

Numerical

Stress (MPa)

temperature independent.

integration scheme for which each cycle corresponds to a very
small time step. However, at each cycle, the equations of the
material model itself are solved based on an implicit scheme.
Table 1: Summary of the four major parts in User-Defined-

Strain
Fig.2 One element tensile model results from CDM model
integrated in PAM-STAMP at 500°C and strain rate of 0.1 and
4s-1 .

Material (UDM) subroutine

The second simple case was perfomed to test the CDM model

USRMAT184_SLV (Solving – Explicit
Integration)
Core function to compute stresses, damage, from an
incremental strain value.
This function is dedicated to the Explicit Solver
IMP_USRMAT184_SLV (Solving – Implicit
Integration.)
Not used in the current project.
It’s equivalent of function USRMAT184_SLV for
the Implicit Solver
USRMAT184_OUT (UDM results output)
The aim of this function is to let the user the
possibility to write some element values (plastic
strain, equivalent stress, damage…) which will be
displayed in post-processing in PAM-STAMP
3.2.1 Numerical Stability and Initial Testing
In order to test the numerical stability and carry out verification
of the integration of the CDM model discussed above a
fundamental test cases were setup. The model was tested in single
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implementation into PAM-STAMP via user defined subroutine
was a strain rate “transition” test where strain rate was accelerated
from 0.1 to 10 s-1 from 0.3 to 0.4 strain respectively at 450°C. The
complete strain rate curve and the resultant material flow curve
are shown in Fig 3a and 3b. The corresponding damage
accumulation together with damage curves for constant strain rate
tests at 0.1 and 10 s-1 are shown in Fig. 4.
10
Strain Rate (1/s)

USRMAT184_INI (Initialisation)
This routine function receives parameter from
IUSER/RUSER array and stores them in internal
arrays CM. The user can print his variables in this
function.
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Fig. 3 Variable strain rate test case. Plot (a) shows the transition

Multi elements

in strain rate from 0.1 to 10 s-1 and plot (b) the resultant stress
strain response at temperature of 450°C.
Fig. 5 Multi element results calculated form CDM model

0.8

integrated into PAM-STAMP. Plots on the top represent
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distribution of the plastic strain at various stages of the test.
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Fig. 4 Predicted damage curves showing the effect of variation of
strain rate from 0.1/s to 10/s at at 450°C.
Fig. 6 Blank shape comparison. Red is initial blank shape and
The variable strain rate test is an example highlighting the

blue is final optimised blank which yielded successful panels.

capability of the CDM model to capture the effect of history of
deformation on the material ductility. This is a major benefit of
the CDM material model to simulate HFQ® process over a lookup table based material model. Another benefit is ability to take
into account material softening prior to failure. Moreover CDM
model can capture changes in mode, or path, of deformation and
reflect those on material ductility and ultimately failure during
stamping process (5).
Further verification and investigation of the numerical stability
of the new CDM model and its implementation in PAM-STAMP
was carried out for multi element test cases at 500°C and strain
rate at 1 s-1. Fig. 5 shows the results in terms of the agreement
between the one element model and multi element model flow

Fig. 7 A successful door inner pressing.

curves. Also in the Figure are plots of the plastic strain distribution
at various stages of the test which show good consistency across
the elements.

4. INDUSTRIAL APPLICATION BASED ON DOOR
INNER
4.1 HFQ® Forming Trials for Door Inner
Having verified the integration of the CDM model against
simple test cases we can move on to validation against a large

4

industril case. A validation based on complex deep drawn high

successful and the blank shape was optimised during the trials

strength door inner was selected for this purpose. The HFQ®

which yielded successful panels. Simulations with use subroutine

stamping trials started from an oversized balnk shape which

were run with fixed element size of 5.8 mm for the blank. This

induced splits in the panel. Following the failures a blank shape

yielded a total of approximately 42k elements for the blanks.

optimisation was carried out during the trials and a successful
Top Tool

panel was produced by removing material in critical areas of the
blank. The difference between initial and final blanks is shown in

Locators

Fig. 6. In all the trial cases lubrication was applied to the punch
and the die. The hot aluminium blanks were dry, non-lubricated,

Blank

on delivery to the tool.
A successful pressing of the door inner is shown in Fig. 7. The
panels were cut into several sections and thickness was measured
using Vernier callipers. Overall, approximately 40 measurements

Holder

BottomTool

Fig. 9 Door inner simulation setup in PAM-STAMP.

were taken in critical locations along selected cut planes.
Similarly, the results of the simulation were sectioned along the

The correlation between the simulation and the actual

corresponding planes. An example of cutup panel can be seen in

measurements for the failed panel run with friction coefficient of

Fig. 8.

0.5 and 0.8 is shown in Figure 10 and Figure 11 respectively. The
boxes marked with red outline on the figures highlight areas where
the deviation between the model prediction and the actual
measurement was greater than the acceptance target of 5%. As can
be expected friction plays significant role in the accuracy of model
predictions. Simulations run with the lower friction coefficient of
0.5 with a minor exception failed to predict splits in the panel, see
Figure 10. Increasing friction coefficient to 0.8 alloweed
prediction of all the splits but at the same time highlighted areas
where splits did not occur, see Figure 11. Looking at thickness
prediction for the simulation run with friction coefficient of 0.5 we
Fig. 8 Door inner sections cut for thickness evaluation.

can notice that the deep drawn side wall was predicted to be
thicker as is shown in Figure 12. Better result in that area was

4.2 HFQ® Forming Simulation of Door inner

achieved for simulation with the higher friction coefficient of 0.8

A HFQ® simulation was performed using ESI’s PAM-STAMP

which is shown in Figure 13. On the other hand on the shallow,

2015.1 with the subroutine for the CDM material model described

bottom features of the panel the side walls tended to be thinner in

in section 3 of this paper. The computational model set up in

both of the simulation cases. This suggests that friction coefficient

PAM-STAMP was composed of three stages: gravity, holding and

assumed in simulation for those areas was too high. We can

stamping. The gravity stage was simulated using the Implicit FE

conclude that the apparent coefficient of friction for the HFQ®

Solver in PAM-STAMP while the Explicit Solver was used for

process is likely to depend, amongst other, on the draw distance.

both holding and stamping stages. The friction coefficient
between the blank and the tool was assumed to be constant and
independent of contact pressure, temperature, velocity or sliding
distance. Simulations were performed with the friction
coefficients of 0.5 and 0.8 for both blank shapes. The die and blank
holder velocity was set to 0.2 m/s with no velocity scaling. A ramp
curve was used to accelerate the velocity to the set speed over 1
ms. The tool set up for the door inner simulation can be seen in
Figure 9. Both blank shapes were used in simulation of this case –
the first one was the initial blank shape designed prior to the
stamping trials. As mentioned above, this blank shape was not
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Fig. 10 Predicted damage accumulation for 0.5 COE.

That is thought to be due to lubricant removal from the draw
fillets as the dry blank is drawn against the lubricated tools (4).

and its correlation to measurements is shown in Figure 14.
Although there is still room for improvement, as can be seen, a
much closer correlation was found. On average the model met the
target of less than 5% deviation at over 90% of the measurement
points.

Fig. 11 Predicted damage accumulation for 0.8 COE.
Fig. 14 Predicted vs. measured thickness comparison for
successful panels. Deviations higher than 5% difference
highlighted by red outline.
4. CONCLUSION
We have shown the predictive capability of an advanced CDM
material model in application to the HFQ® process. The model
Fig 12. Predicted vs. measured thickness comparison for failed
panel. Simulation performed with friction coefficient of 0.5.
Deviations higher than 5% difference highlighted by red outline.

offers several advantages over simulations based on lookup table
material models. The CDM model allows to capture the effects of
path and history of deformation on flow curves and ductility. This
should be particularily useful for complex applications like the
presented deep drawn door inner. An integration of this model into
PAM-STAMP was also discussed. Nevertheless simulation of
HFQ® process is very sensitive to the apparent coefficient of
friction which proves to be more complex than a single value
Coulombian assumption. Simulative studies based on the door
inner indicated a strong dependence of the friction value on depth
of draw and using distributed coefficient of friction a very good
correlation was found. Moreover analysis of contact pressure
distribution on the draw filtes and its effect on coefficient of

Fig 13. Predicted vs. measured thickness comparison for failed
panel. Simulation performed with friction coefficient of 0.8.
Deviations higher than 5% difference highlighted by red outline.

friction which was not discussed in this paper also suggests the
need to take the effect of contact pressure on the coefficient of
friction into account. This is currently a subject of extensive
studies and will be published in the future.

Taken the findings from simulation of the failed panels
simulations for the successful panel were setup with distributed

ACKNOWLEDGEMENT

friction coefficient. Areas, or otherwise draw fillets, where depth

The work described in this article is supported by the European

of draw was estimated below 40 mm an apparent coefficient of

Commission (Grant no: 604240 under FP7) for the LoCoLite

friction was assumed at 0.3. Everywhere else the coefficient of

project (Low Cost forming of Lightweight structures for

friction was assumed at 0.5. It is worth restating that this wss still

transportation industries). http://www.locolite.net/. The Authors

using a friction model which was independent of contact pressure,

would like to thank all LoCoLite Partners for their support during

temperature or velocity. The resultant distribution of thickness

the project, and in particular the team of researchers and engineers

6

at ESI (Jean-Luc Babeau, Daniel Vieilledent, Patrick Saillard and
Vladimir Cerny), ICL (Liliang Wang and Nan Li), and ITL
(Alistair Foster) for their contribution to this article.
REFERENCES
(1) J. Lin, T. Dean, A. Foster, A method of forming a component
of complex shape from aluminium alloy sheet, UK Patent
(GB2473298),

European

(09785115.8)

and

International

(WO2010/032002).
(2) http://www.impression-technologies.com/
(3) M. Mohamed, A. Foster, J. Lin, D. Balint and T. Dean,
Investigation of deformation and failure features in hot stamping
of AA6082: Experimentation and modelling, Int. J. of Machine
Tools and Manuf. Vol. 53 (2012) 27-38.
(4) A. Foster, M. Mohamed, J. Lin and T. Dean, An investigation
of lubrication and heat transfer for a sheet aluminium heat, formquench (HFQ) process, Steel Res. Int. 79-11-VII (2008) 133–140.
(5) Lin J, Mohamed M, Balint D, Dean TA, (2014), The
development of CDM-based theories for predicting FLD for hot
stamping applications. Int. J. Damage Mech., 23(5), 684–701.

7

