This copy of the article was downloaded from http://www.mateng.sk , online version of Materials Engineering - Materialové inZinierstvo (MEMI)

journal, ISSN 1335-0803 (print version), ISSN 1338-6174 (online version). Online version of the journal is supported by www.websupport.sk .

This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License.

To view a copy of this license, visit http://creativecommons.org/licenses/by-nc-nd/3.0/ or send a letter to Creative

@w Commons, 444 Castro Street, Suite 900, Mountain View, California, 94041, USA.

46 G. Rosenberg, 1. Sinaiova, L. Juhar: Deformation zone size around drilled hole in DP steels

DEFORMATION ZONE SIZE AROUND DRILLED

HOLE IN DP STEELS

Gejza Rosenberg”, Iveta Sinaioval, Cubo$ Juhar?

!Institute of Materials Research of Slovak Academy of Sciences, Watsonova 47, 043 53 Kogice, Slovak Republic
2U. S. Steel Kosice, Unit GM for Research USSE, Vstupnyareal US Steel, 044 54 Kogice, Slovak Republic

“corresponding author: e-mail: grosenberg@imr.saske.sk

Resume

In the present study, there are given results of the experimental tests primarily
focused on determination of dimension of plastic strained layer near drilled hole
surface. Three hot rolled low carbon steels with strength ranging from 416 to
967 MPa (a conventional mild steel and two microalloyed steels) were examined
in the state after annealing to eliminate residual stress and after intercritical
quenching. It was found that the size of deformation zones (determined by
differential interference contrast light microscopy) as well as thickness of
hardened layer (determined by micro-hardness tests) can be correlated with the
macro-hardness of the steels, however, they are also dependent on their
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1. Introduction

Drilling is one of the most important
material removal processes that have been
widely used in the aerospace, aircraft and
automotive industries. It has been reported that
drilling accounts for nearly 40% of all metal
removal operations in the aerospace and
automobile industries [1]. Although, modern
metal cutting methods, including electron-beam
machining, electrolytic machining, abrasive jet
machining, ultrasonic machining have improved
in the manufacturing industry, conventional
drilling still remains one of the most common
machining processes [2,3]. The drilling
operation in comparison with other methods has
relatively very little effect on surrounding
material. On the other hand, it is known that the
drilling process produces burrs on both entrance
and exit surfaces of the work-piece and more
often than not an additional operation to remove
the burrs is usually required [4, 5]. An economic
evaluation of the impact of burrs related

toproduction costs has been provided by
Aurich [6] (cited in [7]) and has been estimated
up to 500 million Euro expense per year only in
Germany. Therefore, also aspects of surface
integrity of the drilled hole are very important.
Surface integrity is generally defined by the
mechanical, metallurgical, chemical and
topological states of surface properties such as
surface roughness, hardness variation, structural
changes and residual stress, etc. [8]. This
involved  also  the  investigation  of
microstructural and microhardness changes in
the subsurface of the drilled hole, which may
influence fatigue, creep and stress corrosion
cracking resistance [1, 4, 8 - 12].

This work was initiated by our previous
experimental results of the fatigue tests
(unpublished results), which in accordance with
the previous studies [10 - 12] showed that the
fatigue limit of notch specimens can differ by
more than 50% in dependence on notch
preparation.
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The consumption of dual phase steels is
constantly rising in many industries [13, 14],
however, in the literature there are not studies
focused on behavior of these steels during
drilling a hole. Main goal of this work is to
determine the thickness of hardened layer
formed during drilling the hole in the steel with
ferritic  as well as ferrite-martensitic
microstructure (dual phase steels) and strength
ranging from 416 to 967 MPa.

2. Experimental

The tests were carried out on one low
carbon and two micro-alloying steels, which
chemical composition as well as corresponding
carbon equivalent (CEIIW) and mean ferrite
grain size (df) is given in Table 1.

All three steels were 10 mm thick while
hot-rolling. The heat treatment was carried out
on samples 20 mm wide and 90 mm long in the
direction of rolling. The first series of the
samples of all three steels were exposed to
annealing to eliminate residual stress (marked as
A samples) at temperature 600 °C for
60 minutes. The second series of samples were
for purpose of obtaining ferrite-martensite
microstructure exposed to intercritical annealing
at 800 °C for 10 min and then were water
guenched to room temperature (marked as 1Q
samples). All heat-treated samples were
machined equally on both sides by grinding to
the thickness ~8,4mm and cut into samples with
size 15 x 15 mm. These samples were hot-
mounted in PolyFast phenolic resin and then
treated by standard metallographic methods.
Specimens were drilled at cutting speed
12m/min with feed rate of 0.04 mm/rev. and
drill diameter of 2.0 mm. The size of
deformation zones (DZ) at the surface of the
drilled samples was determined by means of
differential interference contrast (DIC) light
microscopy. The dimension of thickness of
hardened layer (THL) close under surface as
well as in the middle of the sample thickness
(regions of 4mm under surface) was determined
by hardness testing with microhardness tester

Leco LM 700AT with 10 g load (HV0.01) and
10 s dwell time.

3. Results and discussion

3.1 Microstructure and mechanical properties
of steels

All three steels in the received state had
significantly ~ heterogenous  ferrite-pearlite
microstructure with markedly different ferrite
grain size. Some grains reached triple values of
df which are given in Table 2. In contrast to
conventional low-carbon steel (LC steel in the
Tables 1 and 2) both microalloyed steels
contained a certain amount of bainite.

Fig. 1 shows the microstructure of
examined steels after intercritical quenching. It
appears that microstructural heterogeneity of
these samples is similar to heterogeneity of
samples in the received state. Fig. 1 also
indicates, that significant differences in the size
and form as observed on ferrite grains were also
observed on particles of martensite. In the
structure of coarse-grain LC steel particles of
martensite larger than 10um frequently occured,
while in the structure of MA-1 steel particles
larger than 5um occured only occasionally and
in MA-2 steel there were observed also particles
smaller than 1um (Fig. 1).

It must be noted, that significant
difference in values of carbon equivalent
(Table 1) only slightly affected the volume
fraction of martensite in the microstructure of
investigated steels (evaluation by Image-J
software), which for LC steel, MA-1 steel and
MA-2 steel ranged: 37.3-39.2 %, 38.4- 39.5 %,
38.8-44.8 %, respectively. The yield stress
(YS), ultimate tensile strength (TS), total
reduction (TE), reduction of area (RA) and
Vickers macro-hardness with 10 kg load value
(HV100) of the steels obtained in the annealed
(A) samples as well as on the samples after
intercritical quenching (IQ) are given in
Table 2. Table 2 shows that effect of the 1Q on
the changes of YS was negligible in the MA-1
steel, while in the case of the LC steel
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Table 1
Chemical composition (in wt. %), carbon equivalent CE;w and ferrite grain size (d) of studied steels.
Steel C Mn Si Nb \Y Mo Ti CEuw"  df (um)
LC 0.12 0.46 0.04 - - - - 0.197 14.8
MA-1 0.09 1.15 0.33 0.33 - - - 0.282 6.3
MA-2 0.1 1.65 0.27 0.053 0.021 0.43 0.125 0.476 2.7

“CEnw = %C + (%Mn)/6 + (Cr+ Mo + V)/5 + (%Cu + %Ni)/15

Table 2
Mechanical properties of steels.

Steel State YS (MPa) TS (MPa) TE (%) RA (%) HV100 (MPa)
LC A 268 416 38.0 69.2 122
1Q 373 556 23.6 60.8 193
MA-1 A 461 574 29.3 68.7 182
1Q 474 747 24.0 53.1 221
MA-2 A 888 967 22.6 60.4 322
1Q 564 899 16.8 48.1 294

a) LC steel - b) MA-1 steel ¢) MA-2 steel
Fig. 1. Microstructure of steels after intercritical quenching.
(fullcolour version available online)

| b vy A o 1.031‘11“1 i
a) LC steel b) MA-1steel ¢) MA-2 steel
Fig. 2. Deformation zones around the drilled hole observed on the surface samples annealed at the temperature

600°C-60min (DIC light microscopy).
(fullcolour version available online)
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increased and in MA-2 decreased. On the other
hand, MA-1 showed the greatest increase of the
TS of all steels. It is interesting that in contrast
to others intercritical quenching of MA-2 steel
resulted in decrease of both TS and HV100
values.

3.2 Deformation zones around drilling a hole

In the Figures 2(a)-2(c) is documented
the appearance of the metallographic polished
surfaces after drilling the hole (using DIC),
observed on the samples annealed at the
temperature  600°C for 60 min. It was
determined that thickness of deformation zone
(DZ) around the hole at LC steel ranged from
280 to 330 um, and the average value was
DZ =308,4 um (this value was calculated from
all measured data around the perimeter of the
drilled hole). The measured results of MA-1
steel and MA-2 steel ranged from 150 to
190 um, DZ = 172.3um and 40-60 pm,
DZ =52.4 um, respectively.

The microhardness tests were carried out
on the same samples after metallographic
grinding, polishing and etching (approximately
in depth 0.15mm under surfaces observed in
Fig. 2a-c). By means of micro-hardness
measuring following values of the thickness of
hardened layer were obtained: THL = ~180 um,
~105 um and ~37 pum for LC, MA-1 and MA-2
steel, respectively. These values are
approximately by 30-42% lower that DZ values
measured by DIC method in light microscope.

On the same samples, but approximately
4 mm under the surfaces showed in Fig. 3a-c,
other microhardness tests were made. In this
area, which approximately corresponded to the
middle of the sheet thickness, THL values were
by~21-31% lower than values measured
approximately in depth 0.15 mm under the
surface, which can be seen in Fig. 2. The same
experiments as on annealed samples were done

also on intercritically quenched samples. The
results obtained on both A and IQ samples are
shown in Fig. 3.

The results in the Fig. 3 obtained on
annealed specimens are similar to those that
can be found in several works, e. g. [1, 3, 15 -
18], where also effects of various factors and
parameters of drilling were studied. In contrast
to these works, this work is specifically
focused on effect of microstructure on
deformation zone size of the steels around the
drilled holes.

Scatter band  micro-hardness  data
measured on the quenched samples were
markedly greater than at annealed samples.
Therefore, results measured on 1Q samples are
in Fig. 3 displayed only by means of dashed line
(that represents average HV values measured).

The estimated results of hardened layer
dimensions obtained on the A samples (empty
arrow) compared with the 1Q samples (full
arrow) shows greater hardening depth. The
intensity of strengthening, expressed by relative
increase of maximum hardness measured close
to the surface of drilled hole to the mean value
of the bulk micro-hardness, reached the values
~41% (LC steel), ~34% (MA-1 steel) and ~14%
(MA-2 steel) for A samples. On the both MA-1
and MA-2 steels similar levels of intensity of
strengthening were calculated also for the 1Q
samples, however, in the LC steel achieved the
value 74%.

From Fig. 3 it is also clear that
approximately to depth 40 um under the surface
higher microhardness values were measured in
the LC steel (1Q samples) in comparison to MA-1
steels (A samples) which had markedly higher
yield strength and slightly higher tensile strength
(Table 2). This is caused by higher capacity to
deformation strengthening of the steels with
ferrite-martensite structure (IQ samples) when
compared to the steels with ferrite-perlitte or
ferrite-carbides structure (A samples).
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Fig. 3. Microhardness distribution profile near the surface of the drilled hole in LC, MA-1 and MA-2 steels

measured on both annealed (A) and intercritically quenched (1Q) samples.
(fullcolour version available online)

Table 3
Deformation zones sizes (DZ) and thickness of hardened layer (THL).
Steel State ADZ (um) DZ (um) THL (um)
LC A 280-330 308.4 ~120
1Q 90-170 111.3 ~65
A 150-190 172.3 ~75
MA-1 10 85-140 91.2 55
A 40-60 52.4 ~30
MA-2 10 68-89 735 45

T TN |

Fig. 4. Deformation zones (DZ) arour-nd' the drilled hole observed on the surface of annealed sampies: LC (a) |
MA-1 (b) and MA-2 steel (c). DZ observed on the surface of intercritically quenched samples: LC (al), MA-1
(b1), and MA-2 steel (cl).

(fullcolour version available online)
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The most important finding from Fig. 3 is
that the difference between THL values, that
were measured on the three steels on
IQ samples are in comparison with THL values
of A samples significantly lower, what may be
caused by decrease in differences in strength
properties observed at both sample series
(Table 2.). Reductions of the differences in the
DZ size between three investigated steels in the
case of 1Q samples can be clearly seen in Fig. 4
(1Q samples are depicted in Fig. 3al-c1). This is
apparent also from data in Table 3 where all
experimental  results obtained by both
experimental methods for detection of the DF or
THL values are summarized. The values ADZ in
the Table 3 represent scatter of all measured
data around the perimeter of the drilled hole.

When we compared DZ to THL values
given in the Table 3, we found out that they
differ ranging from 1.6 to 1.7-times (for
annealed samples). However, in the case of
IQ samples they differ in the range from 1.75
(MA-2 steel) to 2.5-times (LC steel).

Based on the principles of fracture
mechanics, the size of the plastic zone around
acrack under given loading conditions is
inversely proportional to the yield stress squared
(= 1/(YS)?; for example see [19]). From the data
presented in Table 2 and 3, it was evident that
the dependence DZ, THL ~ 1/(YS)? was not
confirmed. Similarly, neither other considered
relations DZ, THL =~ 1/(TS)? or 1/(YS+TS)?
were confirmed. It was found, that the best
results of all considered correlations showed the
dependence DZ, THL ~ 1/(HVi00)? It is also
interesting to note that although 1Q of MA-2
steel resulted in decreasing macro-hardness
HV10 values (Table 2), average micro-hardness
HVoo1 values depicted in Fig. 3 are greater
compared with HVo; values measured on the
A samples. On the other hand, as it could be
expected from lower macro-hardness value,
IQ samples compared to A samples showed
larger hardening depth (Fig. 3).

4. Conclusions

In the work, there are given results of the
tests, where the size of deformation zone (DZ)
or the thickness of hardened layer (THL) near
the drilled hole of three low carbon heat-treated
steels were measured. In this study possibilities
to predict DZ and THL size were also
investigated. It was found, that DZ, THL are
inversely proportional to value of macro-
hardness of steels squared (DZ,
THL ~ 1/(HV10)?), but they are dependent also
on their microstructure.

Acknowledgment

Authors would like to thank VEGA SR
grant agency for the financial support of the
work that was realized within the project
2/0192/12.

References

[1] J.G. Li, M. Umemoto, Y. Todaka, K. Tsuchiya:
Acta Mater. 55 (2007) 1397-1406.

[2] M. Kurt, Y. Kaynak, E. Bagci: International J.
Adv. Manufact. Technol. 37(11-12) (2008) 1051-
1060.

[3] R.P. Zeilmann, T. Vacaro, F.M. Bordin: Arch.
Mater. Sci. and Eng. 49(2) (2011) 118-124.

[4] M.M. El-Khabeery, S.M. Saleh, M.R. Ramadan:
Wear 142 (1991) 331-349.

[5] J. Kim, S. Min, D.A. Dornfeld: Int. J. Machine
Tools & Manufact. 41 (2001) 923-936.

[6] J. C. Aurich: Untersuchung zur Beherrschung der
Sauberkeit von zerspanendhergestellten
Bauteilen,  Ergebnisworkshop,  Lehrstuhlfiir
Fertigungstechnik  und  Betriebsorganisation,
Technische Universitat Kaiserslautern 2006.

[7]1 E. Feldshtein: Adv. in Manufact. Sci. and
Technol. 35(4) (2011) 75-83.

[8] D.Y. Jang, T.R. Watkins, K.J. Kozaczek, CR.
Hubbard, O.B. Cavin: Wear 194 (1996) 168-173.

[9] Y.Choi, C. R. Liu: Wear 261 (2006) 492-499.

[10] Proceedings of the symposium on Internal
stresses and fatigue in metals, Edited by G. M.
Rassweiler, W. L. Grube, Detroit and Waren,
Michigen, 1958, Elsevier publishing company,
Amsterdam - London - New York 1959.

Materials Engineering - Materialové inzinierstvo 21 (2014) 46-52



52 G. Rosenberg, 1. Sinaiova, L. Juhar: Deformation zone size around drilled hole in DP steels

[11] V. Lacarac, D.J. Smith, M.J. Pavier, M. Priest;
Int. J. Fatigue 22 (3) (2000) 189-203.

[12] R. A. Everett: The Effect of Hole Quality on the
Fatigue Life of 2024-T3 Aluminum Alloy Sheet,
NASA/TM-2004-212658, ARL-TR-3106, 2004.

[13]D.K. Matlock, J.G. Speer, in: A. Haldar, S.
Suwas, D. Bhattacharjee (Eds.): Third generation
of AHSS: Microstructure design concepts,
London 2009, pp. 185-205.

[14]E. Evin: Verifikacia numerickej simulacie
lisovatel'nosti vysokopevnych ocelovych
plechov (Verification of numerical formability
simulation of high strength steel sheets)
[Inaugural thesis], Faculty of Mechanical
Engineering, Technical University of Kosice,
Kosice 2009 (in Slovak).

[15] K. Vasilko: Technoldgia dokongovania povrchov
(Technology of surface finishing), FVT — COFIN,
Presov 2004. (in Slovak)

[16] Y. lino, N. Saito, T.: In: Asia-Pacific symposium;
3rd, Advances in Engineering Plasticity and its
Applications (AEPA 1996), Eds.. Abe and T.
Tsuruta, Elsevier 1996, pp. 777-782.

[17]J. Hua, R. Shivpuri, X. Cheng, V. Bedekar, Y.
Matsumoto, F. Hashimoto, T. R. Watkins: Mater.
Sci. and Eng. A 394 (2005) 238-248.

[18] E.C. Bordinassi, M.F. Stipkovic, G.F. Batalha, S.
Delijaicov, N.B. de Lima: J. Achiev. in Mater.
and Manufact. Eng. 18(1-2) (2006) 335-338.

[19] S.T. Rolfe, J.M. Barson, Fract. and Fatigue Control in
Struct.: Applications of Fracture Mechanics, Prentice-
Hall, Englewood Cliffs, NJ 1977.

Materials Engineering - Materialové inzinierstvo 21 (2014) 46-52



