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INVESTIGATION OF TEMPERATURES AND RESIDUAL STRESSES IN SPEED
STROKE GRINDING VIA FEA SIMULATION AND PRACTICAL TE STS

Michael DUSCHA?, Fritz KLOCKE 2, Anna ’ENTREMONT *, Barbara LINKE “, Hagen WEGNER

Abstract: The new technology of speed stroke grinding pranisemeet the industrial demand for a
high-efficiency, high-quality finishing process.eT$urface layer properties of the workpiece, sushea
sidual stresses, are a vital factor in the quatfythe workpiece and must be considered when chgosi
process parameters. This paper discusses the rm@sittesses resulting from practical speed stroke
grinding tests of hardened steels using CBN grigdirheels, as well as an in-development FEA model
for the thermal aspects of speed stroke grinding.
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1. INTRODUCTION with vitrified bond f]. However, his results and insights
Industrial d d for hiah effici indi cannot be transferred directly to the grinding afdened
ndustrial demand for high etficiency grinding oper 0015 gue to the specific properties of thgtanium

tions leads to the development of new Processeso . minide workpiece material. Nachmani was the tios
prove performance. These new technologies must alsﬁ]vesti ate speed stroke arinding of hardened steel
fulfil existing requirements regarding surface prdjes 9 P 9 9

such as residual stresses in the surface layer. through his experiments with conventional grinding

) ; : : wheels p]. It was shown that the adoption of speed
The combined thermo-mechanical loading applied to - : .
the workpiece during grinding can influence theidesl stroke grinding can simultaneously improve both the
stresses in the surface layer, cause changes istrine compressive residual stress of the workpiece sarfac
ture and hardness of the workpiece and lead toksrac Ié‘é?\lr an_d dt_he mater:al_removaclj efflC|kency._ 'I('jhe H&feg:
and undesired textureg]] For steel workpieces, poten- q grin Im% Wheels in bspee strqde gém ”:jg Omggar
tial thermal effects may include surface oxidatjoften ~ €N€d Steels has not yet been considered, and av

merely superficial), thermal softening (temperingsid-  cussed in this paper. ,
ual tensile stresses or re-hardening due to foomatf To fully and effectively use this new technologp-

martensite 4]. High tensile residual stresses in particular ProPriate ranges of process parameters must bed foun
can promote the formation of cracks in the material that avoid workpiece damage or even produce ddsirab
while compressive residual stresses tend to hiodesk  €ffects on the workpiece (such as compressive uakid
formation and improve fatigue life]} This leads to spe- Stress at the surface). Empirical determinatiorthefse
cific demands on new grinding technologies: compres Process parameters is time-consuming, expensive, an
sive residual stresses on the workpiece surfacedere Provides little insight into the fundamental physiproc-
sired, while thermal damage must be avoided. esses taking place. Process modelling and simojatio
Speed stroke grinding is a promising new technologythe other hand, have proven to be efficient andalze
that uses high table speeds upvfo= 200 m/min and tools for estimating the effects of mechanical #retmal
accelerations up ta, = 50 m/$ to provide high removal loads on the workpiece, which allows for bettempiag
rates and increased product qualigy 4]. Zeppenfeld of grinding processes|7, §].
investigated the technological principles of chipnfia- The latest review by Doman et a$] [gives a com-

tion and wear mechanisms for speed-stroke grinding Prehensive overview of FEA grinding models between
y-titanium aluminide using a diamond grinding wheel 1995 and 2009. Although a number of researchers hav

used FEA models to investigate grinding, models of
speed stroke grinding are lacking.
The current work analyses the mechanical and ther-
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2. THEORETICAL AND EXPERIMENTAL stroke grinding (SSG) processes feature smalletacon
INVESTIGATION OF SPEED STROKE areas between the grinding wheel and workpiece than
GRINDING those which occur in creep feed grinding (CG). The

grinding forces, however, decrease significantlyreno
) . - slowly than the contact area. This results in avatked
thermal influences in speed stroke grinding

Chip formation during grinding can be divided into area specific grinding powe; N )
three phases. The initial contact between the aferas In contrast, the area specific grinding energy et
grain and the workpiece causes only elastic defooma Crease with increasing table speeds due to redcoed

and subsequently leads to plastic deformation befor  tact time. E7 describes the energy input per unit square
tual chip formation begins. Chip formation occunsthie  into the workpiece. Hence, the thermal impact oe th

2.1. Theoretical consideration of mechanical and

direction of the largest sheer stresg.[ surface layer can be estimated using Eq. 5.
The amount of energy needed to remove a specific
material dimension during the grinding process ban E" = Flv (5)
described with the specific grinding enelgy16]. ¢ v,
e R _FiN (1) 2.2. Experimental Validation

o Q, Qw Grinding tests were conducted on a speed stroke
) _ . _ grinding machine Blohm Profimat MT 408HTS with a
In Eq. 1,F is the tangential force, is the material  y;yified CBN grinding wheel (B 181). In order toaas-
removal ratey. the grinding wheel velocityf'; is the .o grinding forces, a 3-Component-Dynamometer in-
specific tangential force anQ'y is the specific material ¢ ging a piezo-electric force transducer from Kistvas
removal rate. The specific grinding energycan be di-  seq. Apart from this, the residual stress in thekpiece
vided into the following components: the energychbip material 100Cr6 (AISI 52100, HRC 62) was analysgd b
formation €, of friction &, of workpiece deformation y oy giffraction. The lattice strain measuremeate
€ier and of kinetic energy of the chiggi,, as seen in  yone 4t the {211} lattice plane of the martensitase
Eq. 2. with Cr-Ka radiation. The stresses are calculatedanf
this using the Ddlle-Hauk method and the X-ray tidas
€ = €+ Eer T 6, - (2)  constants %= 5.76-10° MPa’ and s= -1.25-10°
MPa™. During the grinding tests, the process parameters
were systematically varied with a maximum speaifia-
terial removal o', = 1000 mm3/mm. The specific mate-
rial removal rate was increased fradpy, = 10 mm3/mms
up to 40 mm3¥/mms. Furthermore, the table speed was
increased fronv,, = 12 m/min up to 180 m/min, whereas
the grinding wheel velocity was varied from= 100 m/s
up to 160 m/s.
In Fig. 1, the area specific grinding powet., the
area specific grinding ener@y. and the specific grind-

The kinetic energgq, of the chips is a negligible por-
tion of the total energg. [4]; furthermore, the specific
chip formation energy,, is heavily dependent on chip
formation and decreases with increasing chip théskn
due to the chip formation threshold depth being
reached at an earlier stagg. [The dominant mechanical
energy component during chip formation is the dpeci
deformation energyese, Which consists of the energy
proportion used to elastically and plastically defahe
workpiece material. The specific friction energy is
almost completely transformed into heat and is tteis
flected in the thermal effect47].

) : . .z 0253 35 =
The thermal impact can be described in more detall§ S 40 S
by the energy-related process parameters sucteaseh o & l . §
specific grinding poweP". and the area specific grind- %g 0.2 _E’ﬁz 8] L-- 32 Y
ing energyE".. The area specific grinding power is given -(%g 2t 9 -7 =
by Eg. 3, which is assumed to be equal to the dyegin- & E 0.15{(5 >E, 2.1 ‘\r - 24 &
erated in the process [222]. “qa') e 273 ’? Y { >
FI m (j-)-a O'l | éu-] 1.4»? - = T —— 16 -g
Plo=q =8 ® 8 2 \ i G
9 < 005/ 07 =
< ‘S
()
The contact length is calculated by Eq. 4 from the .I I o K 0 &
depth of cu, and the grinding wheel diame ‘ ‘ ‘
P Be g g iy 0 50 100 150 200 ‘!
|g - /ae @, . (4) Table Speed y[m/min]
o ) Grinding wheel Parameter Coolant
Because the table speeg] is increased in speed B181LHV 160 V,, =12-180 mm/min Emulsion (5 %)
stroke grinding while the specific material removale  Material v, =100-160m/s  Dressing parameter

Q'y is held constant, the depth of @atand therefore the —100Cr6 (HRC 62) 8,'wfig(;04?n2;‘;;/2ms (l;d ZS 608
contact lengthy is significantly reduced [18]. v a:d =3.um ’
Since the geometric contact length, given by Eq. 4,

decreases with increasing table speeds at a corsgtan Fig. 1. Variation of grinding energy and power for diffate
cific material removal rate, pendulum (PG) and spee table speeds.
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ing energye; are illustrated for different table speegs
Although the area specific grinding pow®f increased

with higher table speeds, the area grinding eneEjy
and specific grinding energs. decreased. This fits well

to the theoretical consideration from above. Conse-

quently, it can be assumed that the thermal infleemas
decreased. The following FEA simulation was conedict
to demonstrate the change of thermal impact fordifie
ferent surface grinding strategies.

3. FEA SIMULATION FOR SPEED STROKE
GRINDING

3.1. Development of FEA Model

An extensive literature review has been carriedtout
find an appropriate approach to model the speeakestr
grinding process. In particular, the structuralrndes as
well as the residual stress should be implemented.

In 1995, Mahdi and Zhang {] presented a 2D ther-
mal model for the grinding of alloy steel, whicheth
used to predict the formation of martensite. Them-

145

Table speed, y
Heat flux, q(x) e
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N

Fig. 2. Model schematic.

zone between the wheel and the workpiece, where the
heat dissipates into the grinding wheel, the cdoldre
chips, and the workpiece.

This system can be thermally modelled as a heat
source moving over a stationary workpiece at thxeta
speedv,, as shown in Fig. 2. The current model in the
FEM-software Abaqus assumes a two-dimensional gplan
strain problem with temperature-independent mdteria
properties. The heat produced in the process isetep
sented by a right triangular heat flux profile,sl®wn in
Fig. 2. Studies have shown that models with a gder

perature model showed good agreement with existing,a5t flux give better accuracy than those with doam

analytical models. Later on, Mahdi and Zhang deyetb
a thermo-structural model?] that considers formation
of martensite, thermally-induced stresses and vkarki-
ening. Neither of these models was experimentadly v
dated. Doman et al.9] consider Mahdi and Zhang's
thermo-structural grinding model to be the most poam
hensive available. Moulik et alLl3] and Hamdi et al.1}4]

heat flux B, 14, 19, 18-27]. The heat flux is applied over
the geometric contact lengtly which is calculated ac-
cording to Eq. 4.

The workpiece surface is considered to be flat, and
the material removal at the workpiece surface is ne
glected; Anderson et al1§] found that for small depths
of cut, such as those considered in this work, Eitiuns

developed similar model setups to study thermally-without material removal were more accurate thamusi

induced residual stresses in surface grinding\attédble
speeds. Moulik et al. included both a mechanicablo
and a thermal load in modelling the grinding whegl
fects, while Hamdi et al. used only a thermal loBdth
found predominantly tensile stresses near the cirfd
the workpiece, although Hamdi et al. hypothesiZeat t
martensite formation would occur in cases with bigh
grinding temperatures, leading to compressive uasid
stress. Neither study included experimental vailihat
Anderson et al.15] developed 2D and 3D thermal mod-
els, both with and without modelling the materiat r

moval at the surface, and checked them againstriexpe

ments. They attempted to determine which typesad-m
els (i.e. analytical, 2D FEA, 3D FEA, with materia-
moval and without material removal) were suitalbe f
modelling different grinding processes. The mogets
sented by Doman et al. deal almost exclusively with
face grinding at low table speeds or with exteydin-
drical grinding. The different cutting mechanisntatt
arise during speed stroke grinding were not comsitie
In our research, the temperature distribution isletied
in order to obtain a better understanding of thdélma
induced residual stresses. In the future, this tnediebe

lations with material removal.

The heat fluxg(x) (shown in Fig. 2) applied to the top
surface of the workpiece at any tih@s modelled by
Eq. 6, wherey, is the average heat flux magnitude of the
heat source angy min(t) andxgyma{t) are the lower and
upper boundaries of the contact zone. The cont@ut z
boundariesqg min(t) andxigmadt) vary with time in order
to move the heat source along the workpiece irpts-
tive x-direction. The boundaries for other workpesur-
faces are considered as semi-infinite.

24,
ax)=q 1,

(X=Xgma(1))  fOr Xy 10 (£) < X< X 1 (1)
0 for X< xlg,mln (t)andx > Xlg,max(t)

(6)

To determine the magnitude of the heat sources it i
assumed that the grinding power is completely caade
into heat 17], which allows the total heat groduced in
the grinding zone to be calculated based on thgetaral
force k measured in grinding experiments, as previously
shown in Eq. 3. Figure 1 shows the grinding povesoa
ciated with each table speed. The total heat fusi-
vides into heat flows into the grinding wheek)( the
chips €.), the coolantd...) and the workpieceqy), as

combined with a mechanical load model and materialshown in Eq. 748].

science will be specially regarded for structutamges.

3.2. FEA Temperature Model Realisation

In a surface grinding process, the workpiece is fedvvhi

past the grinding wheel at the table feed spegdyiate-
rial deformation and friction produce heat in tomtact

()

Rearranging Eqg. 7 and introducing the facky,
ch describes the heat allocation between thedgrg
wheel and the workpiece, yields Eq. 8 for the ayera
heat source magnitude, [29, 30].

qt = qs + qch + qcool + qw'
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qw = (qt - qch - qcool) RNS : (8)

The heat transfer coefficient of the coolant in the

grinding zone is estimated using the equation docdd
convection over a flat plate, assuming a fluid edio
equal to the grinding wheel velocity, [18]. The boiling

temperature of the coolant must also be consideirde
the boiling temperature is the maximum temperathee
fluid will reach. In the current model, the changeool-

ing mechanism associated with boiling of the coblan
not considered; instead, the temperature of théanbds

simply limited to being less than or equal to tludlibg

temperaturedi].

To define the maximum energy that can be absorbed

by the chips, Malkin proposes a limit similar te thoil-
ing temperature for the coolant. The energy absblye
the chips is limited by the melting temperaturetiod
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Fig. 3. Maximum predicted temperature for different table
speeds.

workpiece material. For ferrous metals, the maximum¢,, each speed, the heat partition in the curreatieh

specific grinding energy removed by the chips is ap
proximately 6 J/mrh[32-33).
The workpiece material is 100Cr6 (AISI 52100),

which was modelled using the properties shown in Ta

varies between 19 and 32 %, which is consisterit thi¢
heat partitions found by Malkini§] for CBN grinding
wheels.

The grinding temperatures were simulated for a con-

ble 1. The properties of the CBN grinding wheel arégiant material removal rate @', = 40 mm3mms and

given in Table 2 and were used to determine thd he

rinding wheel velocity ofis = 160 m/s at different table

allocation between the workpiece and the grindingspeedS with the results shown in Fig. 3. Thesempeters

wheel. The average abrasive edge radjuand the ratio
of the wetted contact aréa,, to the total contact areq

are expected to present the highest possibilitsistf for
thermal damage in the range of the experimentalzet

are assumed values based on previous researcte at th 4, 5 taple speed of, = 12 m/min, a maximum tem-

Laboratory of Machine Tools and Production Engineer
ing (WZL) at the RWTH Aachen University.

3.3. Simulation Results

Determining the magnitude of the heat flow dissi-
pated into the workpiece is critical for an acceraalcu-
lation of the workpiece temperatures. The fractibthe
total grinding heat which enters the workpiece hs t
most important impact on the resulting surface rdaye
quality. Different researchers have used valuegingn
from 5 and 85 % of the total grinding heat, depegdin
the grinding conditions1p, 21]. This clearly shows what
large influence different process parameters cae loa
the partition of the grinding heat.

The heat partition was also used to compare the cu
rent model with previous work. Over the range dflea
speeds considered and over the entire tempenainge

Table 1
Workpiece material properties

Workpiece material 100Cr6 (AISI 52100
Therm. condtivity, A, 39.¢ W/(m-K)
Density,p,, 781( kg/n?
Specific heat capacitc, 461 J/(k¢-K)
Melting temperatureT,, 150( °C

Table 2

Grinding wheel properties
vitrified bonded CBN

Grinding wheel

Therm. conductivity of abrasivAs | 130([37]  W/(m-K)
Average abrasive edge radirg 0.00002! m
Fraction of contact area occupi 0.9

by coolant Acoa/ A

perature of almost 700 °C is reached, which appesc
the austenitisation temperature for hardened steels
(Fig. 3), p0]. Temperatures close to the austenitisation
temperature can lead to thermal damage (specificall
softening or tempering of the steel) given suffitigme

for carbon diffusion [24]. In contrast, all of tlsmula-
tions for higher table speeds yielded maximum tempe
tures below 320C. Hence, no thermal damage is ex-
pected. A comparison of Fig. 1 and Fig. 3 shows tifra
area specific grinding energy and the maximum simu-
lated temperatures both show a similar tendencgeto
crease with increasing table speed.

/4. VALIDATION OF TEMPERATURE
MODELLING

4.1. Comparison Between Experimental And Simu-
lated Results

The functionality of the finished product is striyng
affected by the condition of the surface layerjuding
the material structure and the residual stresdes. Sec-
tion will consider the structure and residual stessre-
sulting from the grinding tests and compare theselts
to the simulated temperatures.

Figure 4 shows the cross section of the experirhenta
workpiece for a table speed ®f =12 m/min, which
reached the highest simulated temperatures andawas
the greatest risk for thermal damage. However,estst
including the table speed of, =12 m/min, produced
thermal damage. This is consistent with the sinedlat
maximum temperatures. In comparison to Nachmani’'s
speed stroke grinding tests of hardened steels suith
ventional grinding wheels, the use of CBN showshhig
potential for avoiding structural damads. [This is ex-
plained by the higher thermal conductivi{ypf CBN
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Depth z [mm]
0 0.1 0.2 0.3 0.4
g w0 ool
2 200 4 e
& -200
v _‘g ggg 1 Q',, = 40 mm¥mms
fv. =160ms R
hral s dn R -1000 4/ } }
Fig. 4. Metallurgical specimen. v,, = 12 m/min
& 400
as well as the smaller average abrasive edge redius = 200 —
In Fig. 5, the residual stress for table speeds of 4 o T—F——F—+—
Vy =12, 80 and 180 m/min are plotted versus theldept £ 200 1+ ‘
below the surface. Only the table speed,pf 12 m/min D 4004 -
induced tensile residual stresses, which are asbtorige g 600 V| Lateral to the grinding track z—directicn:
thermally induced. However, no thermal damage could '@ gog 1/ |- - - - - -
be identified in any of the metallurgical specime8s T 1000 T T T
far, in all experiments the simulated temperatwese | | |
consistent with the specimens. The higher tabledpe V,, = 80 m/min
up tov,, = 180 m/min showed only compressive residual E 400
stresses. Hence, it is supposed that the mechdoamhl 2 500
became dominant as the thermal load decreased. @ 0 = ——
Additionally, the kinematic contact length was re€éld = 200 17 [
for higher table speeds going along with a smailen- T"; '400 H— Ve g ]
ber of momentary cutting edgd¥,.m [4]. Simultane- 2 TA& ]
ously, the grinding normal force decreased witimalker @ -600 4/ / _—
slope. This resulted in higher contact pressurehim @ 800 4+ 1
grain-workpiece engagement which emphasised tleat th -1000 \ \ \

mechanical load became dominant. v,, = 180 m/min

4.2. Further Research Fig. 5. Measured residual stress for speed stroke grinding

The FEA simulation shows promise for determining
the temperatures in the workpiece during grindifgr- introduction of CBN grinding wheel in speed stroke
ther experiments including temperature measuremengrinding of hardened steels yield a more relialpipliaa-
during the grinding process are planned to furtregify tion for industry in terms of enhanced surface fiomal-
the temperature FE-Model. Using the simulated tempe ity.
ture field, the thermally-induced residual stressékbe In this paper, a FEA-model to simulate the tempera-
calculated and compared to experimental values.eA m ture occurring in speed stroke grinding was devedop
chanical FE-Model of speed stroke grinding is alsder  Hence, the thermal influence on the surface lapeidc:
development to facilitate a better understandinghef  be derived, which shows a strong correlation betvtbe
individual influences of mechanical and thermaldam  simulated temperature and the area specific grindim
the final residual stresses. ergy. The metallurgical structure and residual ssiee

Both the temperature simulation and the metallaigic were also experimentally determined and were ctargis
specimen confirmed that no structural changes pdaée  with the simulated temperatures.
under the current grinding parameters. As the fisid-
ual stress model for speed stroke grinding will alote to
consider structural changes, the identified grigdpa-
rameters are appropriate for the first verificatiem fu-
ture the model will be expanded with today lesser-
understood aspects, such as structural change.
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