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Comparison of experimental and simulation distortins of quenched C-ring test
parts
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ABSTRACT: We present a mathematical method for identifyisgparating and quantifying the 3D significant
distortions. Measurement of a gas quenched C-gpg sample is performed by a Coordinate Measuriraghihe
(CMM). Quenching simulation is done with the comaialr software Forge 2008 TTT®. After comparisons, motice
that the distortions and their tendencies are dineesbut not exactly the amplitudes. We only foauslistortions which
have a physical origin, like the pincers openirfteroobserved in the literature. As a first exptaora we underline the
role of phase transformations and volume dilatatibtihe steel during quenching.
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1 INTRODUCTION groups:
o _ - the positioning defects (translations and rotet)p
Quenching is valuable to improve product mechanical _ ihe form defects (radius dilatation, “bobbin”eff).

properties but may increase the product cost bydimg) (orserete

undesirable dimensional changes. Nowadays, onkeof t @ = | @ [(coometicniand amensiore anaiyses| ©

main industrial goals is to minimize these changes. | Badlinddech Prysicalana

do so, modelling is an interesting tool to predict i o

distortions. However, distortions prediction is quex, bosmsiy luj N T
HiaTslations Cooling velocity

its accuracy depending on many parameters (thermal
mechanical and metallurgical) which are, mostly,
experimentally estimated.

Steel grade

Form defects Bimacs

0D

Before

Location in

heat treatment 70
In a first part, we introduce the optimization neth . Erroain
used in this study. The second part deals with the j gi —er &
experimental approach for accurately identifying

After

distortions. Then we give the simulation conditiased peat estron
to predict distortions. Finally, a comparison betqwea

measured and simulated C-ring is provided, for anFigure 1: Our method for identifying distortions
ASCOMETAL steel grade. We also propose

explanations of the origins of the distortions pbv@ena.  pistortions are linked to physical and technolobjica
parameters: phase transformation, residual stdes)
2 DEVELOPPED METHOD grade (ste®). Hence, the thinking on the physics of the

. . phenomena brings us to the writing of their sigreand
2.1 Elementary defects dissociation thus their quantification, with an uncertainty &l his
Figure 1 illustrates the three steps of our anslysi uncertainty is related to the systematic and randoors
method. The first step®) is the measurement of the of the measurement process.

discrete geometry of the part before and after heat

treatment. For that, we use a Coordinate Measuring2.2 Need for using an optimization method
Machine (CMM) because it is a flexible machine
commonly used in industry. The second st@) (s the
relative comparison between measurement pointgdefo
and after quenching. The goal is the decompositibn
the overall distortion in elementary phenomena,
significant on a macroscopic scale and having aighy
reality. We thus qualify their geometrical signasiri.e.
their single prints and we classify them in two mai

Mostly, the number of measurement points is highan

the number of distortions phenomena. The obtained
system is thus redundant and does not have any
analytical solution. Its solving requires an optiation
method. The main approaches are geometrical [1damo
[2] [3] and genetic [4]. Since some methods usesgen
decomposition models, it is not easy to explain the
physical origin of some elementary defects. Thathy
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we developed a method optimizing the “signatures

vectors” of the main physical phenomena [5]. _Ph Phj ... Phy
€1 8(pn), - €(pn), -+ Efpn,); with, for example,Ph; = Tx
2.3 Mathematical approach My=i- o and HﬂH:l )
. . £ €(pn) - €pn) - €(pn,) =
2.3.1 Data input of the physical process N =€pn), = TXN; =N .x
The solution of the data-overabundant system ierghwy & €(en), - fen). -+ Een,)

the orthogonal projection of the measurement veetor

onto an analysis basis made of thédentified defects,  The real solution of the systemyMp = ¢ is given bye =

called My, In Figure 2, we consider two phenomena (Mpn-Mpn)™.Mpn.c. Its solving with an optimization in
vectors (Phand Ph) forming a plane (P) as the analysis the sense of least squares is equivalent to mieirttie

basis. The residual vector corresponds to thenorm of the residual vector (Equation (3)). We fina
measurement field which cannot be explained by onlyget the a, scalars of the vectop, which are the

these two phenomena. The quantity thus minimized is
the Euclidian norm of the residual vector, which
corresponds to the least squares criterion, commonl
used. Indeed, it is stable for an initial soluticlosed
enough to the final one and it gives a unique gmiut

“Measurement error” vector
—

Residual vector

T=¢. Y

|
1
' Mgh - ¢

€
iy
Vector of identified defects
Phy Mph ?U)

Figure 2: Definition of the “analysis basis”: Mgn

2.3.2 Fundamental hypothesis

The dissociation of distortion phenomena is possibl
when the two following assumptions are verified:

- Linearity: firstly, the mathematical function of

phenomena must be linear. Secondly, they must be

linearly superimposable, in order to be dissociated
Independence: phenomena must be linearly

proportional amplitudes of each one of fheefects.

Mo = = minfé -My5|° = minff]’
with “r 3

r=|e-aPh-aPh-aPh- .- g Ph

2.4 Propagation of the measurement uncertainty

It is an indicator to describe the pertinence o th
analysis basis. Indeed, the increase of phenomena
improves the risk of slight dependence, which distu

the solving. Since measurements are done with an
uncertainty, called s, the a, amplitudes of the
phenomena are consequently affected by an undgrtain
calledaap. We consider a probabilistic approach [6]: each

& is the realization of a random variatile which obey a
normal law N i, 6. If we replace allg; with their
expectationg;, the systemMn.¢ = ¢ becomedM ;n.u =

B, u € R". After mathematical proof, we obtain the
expression otrapin Equation (4).

1
MM
Oy, = JJa; with g, thei™ diagonaklementsf matrix[pha_ph] (4)
|

independent. If a complete dependence leads to the

impossibility to resolve the system, the probleradrees

The value ofs; is obtained by measuring on a CMM, a

more delicate when phenomena have closed effect@Ug€ ring. The same experimental conditions aghfor

without however being identical. The propagatiorthaf
measurement uncertainty is used to judge the acgafa
the distortions vectors of the analysis basis.

2.3.3 Steps of the solving
Equation (1) provides the measurements vector

1)

Its scalars correspond to the errors between ttieake
pointsT; and measured poinkg;, orthogonally projected
onto theoretical normals;.. Then, we define in Equation
(2), the matrixM,, for the p signatures. The scalars
correspond, for an unit amplitude, to the phenomena
effect (mej) on normals, for each measurement points.

C-rings were used to take into account systematt a
random errors of the measurement process. Thenebitai
standard deviatiowm; of all ¢ is equals to 1.6 um, for a
confidence level of 99.7% (k=3).

3 EXPERIMENTAL APPROACH

3.1 Introducing C-ring test part

The C-ring (Figure 3) is used because its geometry
highlights distortion [7]. Its dimensions minimizede
effects and allow obtaining required cooling vetgci
Concerning the measurement strategy, we use a fine
mesh to accurately identify unknown distortionsineo

are as best as possible, evenly distributed osusfaces.

We use a dynamic probe (TP20) with a star stylasaam
extension bar. Combined with head rotations of the
CMM probe, we reached all surfaces.

C-ring
Extension bar
TP20 probe
Star stylus Positioning device

Figure 3: C-ring test part and its measuring device



3.2 Modelling distortions phenomena of a C-ring

We make now a relative comparison between the
discrete geometry before and after gas quenchiiiy,av
steel grade 1 (Figure 4). For a better visual
understanding, a scale factor of 50 is applied loa t
errors onto the theoretical normals. After having
modelled distortions, we subtract their effects amdre-
analyse the remaining residual errors. We repeat th
iteration until the residuals are small enough.

Heat treated C-ring at 20°C - steel grade 1- Points only optimized in displacements

For each plane:

Cila_plang = N;.z=Nz,

HNle =1= em\a7 plang =1

Dilatation of
planes

Parallelism For each plane:

defect of | Jepaaeion, = T;ZNY; ~Tjy.Nz;
planes T; isthejth theoretialpoint

Figure 5: Linear and independent distortion signatures

Cylinders (topside and iso views) Gap lines (topside view) Planes (left view)
‘ B”“’i“ﬁ”“: “/“‘“'“‘f“:“‘ 4 SIMULATION APPROACH
S 1 g
5 M pardhction) = 4.1 Heating and quenching the part
5 P We use Forge 2008 TTT software for 3D simulations.
y \ : - The input data are partly experimentally determined
Pingers lopening e (phase transformation kinetics, heat transfer dgefits)

| Scale factor: 50 X Theoretical points @ Points after heat-treatment |

and partly from the literature (mechanical datd) [5
C-ring is heated until the temperature reachesstime
as for experiment (930°C) and is uniform in thetpahe
thermal, mechanical and metallurgical parametees ar

Figure 4: C-ring distortions after heat treatment

3.2.1 For cylinders
We clearly notice an opening of pincers. We motlbli
physically taking into account the opening of theaitnal
fibre of pincers, i.e. the line formed with the tres of
the cylinders both tangential to the outer and finne geometry, with a maximum value of 1.6 mm for the
Mathematically, the pincers opening is outer cylinder and 1 mm for the inner.

modelled by a half period of casfunction. We also
detect a barrel phenomenon. It is characterizedaby the gas quenching simulation. We didn't consider a
maximum amplitude at the middle of each generainick

by no variation at the top and bottom. Mathemalijcal
the barrel effect is modelled by a square function, chamber. So, after quenching, geometry is closer to
optimized for each of the two cylinders.

cylinders.

3.2.2 For the planes and the gap

We take into account an axial dilatation of planed a

parallelism defect. These distortions are causedhby
heating, generating stress areas on the surfadbeof

outer cylinder and compression zones on the inside

cylinder. Concerning the two generatrixes of thp, yee
detect an x-axis dilatation, a bobbin effect (tigpasite
effect of barrel) and a slant derivation. These=disf are
obviously related with those of cylinders.

3.3 Expression of each phenomena’s signature

In Figure 5, we present the 3D-mathematical exjppass

for distortions, added in the analysis basig. M heir
relevance is judged by their efficiency to minimite
residual and their physical reality. We also dréeirt
effect onto theoretical normals, with a scale facfdb.

Phenomend

Mathematical expressions

Effects on errors projected ontd

Pincers
opening

For each section of j=82 points:
a,

€open = 1-COS—-

a; = Atan2(0T; A;;O—TJ.;/)

= Theoretical points

Scale factor = 5

Barrel effect

For each generatrix of j=21 points:
oarer, = 1~ ij
z, = -1+ 0.1x k, k 0[0,20]

= Theoretical points

Scale factor = 5

used, especially the phase transformations from the
initial structure (ferrito-perlitic) at 20°C to thénal
austenitic structure at 930°C. In Figure 6 a), \eady
notice distortions and a great dilatation of thenimal

Then, we used this distorted heated geometry tqpaten

cooling time, because the furnace carries quickig a
automatically the heated C-rings to the vacuum gas

nominal one (Figure 6 b)) but we note the same
distortions observed in experiments: pincers opgnin
barrel effect, parallelism defect of planes. Like
distortions phenomena can not be dissociated viigh t
simulation software, we apply our optimization nueth

A

Scale factor : x5 Scale factor : x5!

072327

a) Heating: distortions and austenite content byr@hing: distortions and martensite content

Figure 6: Distortions of an half simulated C-ring

4.2 Data processing strategy

For a direct comparison between experimental and
simulation results, we developed an algorithm which
virtually measures the simulated part, as the CMidsd
Indeed, a measurement point is obtained by prothiag
surface following a theoretical normal. So, we h&ave
find the intersection point Mbetween theoretical normal
N; and finite element plane {§S;), formed with the
three closest simulated points to theoretical p&inWWe
thus get (Figure 7) the measurement vectorThis



virtual measurement induces an uncertainty, whigh i
minimized by taking a great number of points foe th
mesh.

Ny
T S1, Sz and S3: the three
D~ closest pointsto  T;
S3 : Sz

Figure 7: Virtual measurement with simulated points

5 COMPARISON OF RESULTS

5.1 Quantitative evaluation

The optimization is done with all distortions pherena
previously identified on cylinders, planes and gap.
However, we focus on cylinders because they reptese
the main distortions in regards with their greatber of
points. So, we give in Figure 8, theip &alues of
distortions with their uncertaintiegp. Firstly, the chosen

vectors explain the main distortions as the firgidual

is small. Secondly, there are no dependent pher@mmen
because uncertainties are small compared witfl.6
pum)and gvalues.

We detect the pincers opening both in experiment an
simulation, as noticed in other study on C-rings[8].
This distortion is also the most important. Valdes
simulation and experiment are different but tendenc
are the same. The barrel effect is greater forirther
cylinder than for the outer.

Ap Amplitudes of distortions phenomena
out.cyl.: outer cylinder
7 lin.cyl.: inner cylinder

73 81

O Simulated C-ring
B Measured C-ring

196

Residual
112

=

ons0®0

8,7

58 6,1

| il
Barrel out. cyl.

Uncertainty|
(m)

Values in mm

11 11

Barrel in. cyl.  Pincers' opening

Figure 8: Amplitudes of distortions and residual

Initial residual Final residual

| 0,084 | 0,084 | 0,163

5.2 Physical origins

The pincers opening is a time-dependent combination
between the thickness gradient, the velocity caolin
gradient (faster near pincers edges) and steelephas
transformations. The thermal gradient between tineri
and outer cylinders plays an important role. Indedth

a null gradient, they are closed up to a maximhlevaut

the increase of the gradient makes bigger the ageni
Concerning the barrel effect, it could be compaea
shaft bending, as studied in [9]. So, it probakiynes
from both the heterogeneity of the cooling fluidogty
inside the inner and outer cylinder and the geometr
Consequently, it can be minimized by reducing the
drasticity and thus, the pressure of gas.

6 CONCLUSIONS

By considering all points taken on the geometryaof
guenched C-ring, we use an optimization method for

identifying, quantifying and separating significant
distortion phenomena. Distortions are modelled by
taking into account their physical origin. Distoris
amplitudes are quite the same in experiment and
simulation but we have to refine input data of thadels

for a better quantitative evaluation. Moreover, the
explanation of the physical origins of distortiaesjuires
their separation by carrying out a parametric asig)\by
subtracting, for instance the thermal influencertiier
works will also take into account the volume chabge
computing the pincers thickness variations.
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