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1. Introduction 2. Literature review and problem statement
High-strength and hardness steel is often used to Coarse austenites are obtained at the higher austenite

make bullet-resistant components of military need. The  temperature because of grain growth, and quenching produc-
limits for bullet-resistant steel (armor steel) are un-  es coarse martensite. The austenite temperature is closest to
clear, and hardness is important [1, 2]. Quenched and  Ars, the fine martensite is produced and expressed by [5],

tempered (Q&T) steels are used in military applications
due to high hardness, high strength to weight ratio, and Ar, =(C)=910-(310C)—(80Mn) -

excellent toughness [3]. Armor steel that has the high- —(80Mo)—(55Ni)-(20Cu)—(15Cr). @)
est ballistic resistance is AISI 4340 with a hardness of
50 HRC=485 BHN [4]. Keeping hardness stability is es- Austenite transforms to martensite at the end of the

sential because this is a quality standard for armor steels.  quench. Martensite starts to form at temperature Mg and
High hardness causes brittleness increase, and tempers finishes at temperature Mf, and both temperatures are ex-
are needed to increase ductility (residual stress is relieved — pressed by [6],

by temper). The austenite and temper temperature will
affect the Q&T Steel hardness and wear resistance. Then M, (C)=561-(474C)~(33Mn)~

the use of the optimum austenite and temper temperature —(17Ni)-(17Cr)-(21Mo). 2

is very important to obtain the hardness and wear of

quenched and tempered steel. M,(C)=175 °C—165°C below M, 3)
So far, no researcher has examined the optimization of

quench and tempering heat treatment parameters against Ductility of quenched steel can be increased using

hardness and wear. This research is an attempt to obtain  temper, and quenched and tempered steels are produced.
hardness and wear that are influenced by austenite tempera- ~ Tempering temperature, which reduces the residual stress
ture, austenite holding time, and temper holding time. So  due to previous quenching, is 150 °C [7]. Wear is related
this is the novelty of this research. to hardness, fracture resistance, and thermal stability for




high-temperature wear [8]. Increased carbon concentration
systematically lowers My temperature and increases alloy
hardness [9]. By transforming lath sub-structure bainite
into cells at high tempering temperature, the fine grains
are produced [10]. The hardness decreases with increas-
ing temper temperature, which produces a corresponding
increase in penetration depth [11]. With the addition of
carbon elements, the tensile strength increases with a slight
increase in martensite transformation temperature. Broader
distribution of martensite in good auto-tempered steel can
help ductility increase by increasing work-hardenability
during tension [12]. While at higher austenitization tem-
peratures and longer austenitization times, the larger grains
are produced [13]. Martensite abrasion is not guaranteed
compared to lower hardness, which has better ductility. The
brittle martensite properties have lower wear resistance [14].
Heat treated steel improves its service conditions, especially
in creep resistance [15] and is suiTable for continuous heat
exposure. The contribution of strength is because the dislo-
cation density is higher than the strengthening precipitation
of tempered martensite. Samples that were rapidly tempered
contributed to higher precipitation strength than tampered
slowly [16].

The martensite carbon content depends on the volume
of ferrite and martensite fractions developed as a trans-
formation result of the ferrite and martensite phases after
successful immersion and quenching [17]. Because the dislo-
cation density and martensite carbon content decrease due
to temper, the martensite strength decreases. The remaining
residual strain is indicated by mean kernel misorientation,
which is allowed by reorganization or destruction of disloca-
tion geometrically [18].

The micro-spherical structure shows resistance to wear.
Therefore, spheroidized heat treatment processes can be used
to reduce wear in ultra-high carbon steel [19]. High-carbon
martensite steel has poor ductility [20]. Smoother surfaces
produce a lower coefficient of friction [21]. The fine grain
structure produces a smooth surface and ductility increases,
and wear resistance increases. The specific wear is calculated
by the following for formula [22],

2
_ BxB; , “%)
8rxP xL,
where B — width of the rotating disk; B, — length of wear;
r — radius of the disk; P, — load given; L, — abrasion distance.

The resistance of materials to indentation is hardness,
and Vickers and Brinell hardness number — BHN is used in
this research.

The Taguchi methods are used to improve product qual-
ity and processes. At the same time, this method can reduce
the costs and the resources as low as possible, and they are
strong to the disturbance factor. Processing of data is made
using equations (5) to (20) [23, 24]. The first step is to
create a design that includes a combination of parameters
and levels and the determination of orthogonal matrices.
For more accurate data of each parameter, two replications
are made. The orthogonal matrix (OM) is determined by
the following formula,

OM =L}, ©)

where L — symbol of the orthogonal matrix; @ — number of
experiments; b and ¢ — level and control factor, respectively.

The second step is to interpret the tested data by calcu-
lating the response ratio with the following equation.
For hardness, Larger the better (LTB),

imtio =-10log,, [12?112]. (6)
n n""y

i

For specific resistance, Smaller the better (STB) is ex-
pressed,

imti0=—1010g10 [12?:&2], M
n n

s . . . .
where = ratio — signal to noise ratio; y — response value.
n

S .
The — ratio shows how strong the test parameters are
n

in interference. The higher the o ratio the strongest their

parameters and the results can be used to strengthen for
average response data.

ANOVA calculations include calculation of the sum of
the total error and parameters level n and use the following
equations (8) to (11) [23, 24],

S, =Y R 8)

S, =n><§2; (&)

S,= L] + [ + L) —m; (10)
ny My n, N

§5,=5,-8,-5, 11)

where S, — sum of the total square; S,, — sum of the square
mean; S, — sum of the square parameter; L — level, T — sum
of average data; S, — sum of the total error.

Contribution values (pA %) for each parameter to re-
sponse are calculated using equations (12) to (15) [23, 24],

M= (12)
E o _1\5475; 13)
SA'=S, —vAxVe; (14)
pA(%)zssixmo%, (15)

t

where MS — average square response; vA — degree of free-
dom; Ve — varian (c2); SA' — actual number of the squares
of the factor.

To conclude the parameter effect on the response and
essential parameters in calculating the optimal response
predictive, ANOVAs are used. If F,qi0>Foral, the parame-
ter does not have a significant effect on the response and
vice versa.

The optimal predictive value and confidence interval
(CI) of the research are calculated by equations,

sum of total experiment

n,, = ;
' {+sum of prediction degree of freedom



(16)

where a — level of confidence; v — quantifier of trust for the
degree of freedom. v5 — denominator of pool error for the
degree of freedom.

3. The aim and objectives of the study

The study aims to obtain hardness and wear due to the
influence of quench and temper on hot rolled plate steel as
the armor steel candidate.

The following objectives achieve the aim accomplished:

—select heat treatment parameters and level, hardness
and wear, and arranged in an orthogonal matrix and its levels;

— determine hardness and wear based on heat treatment
parameter optimization;

— interpretation of austenite, holding time, and temper
has an influence on hardness and wear.

4. Material and method of the research

4. 1. Material

The material used during the research was hot rolled steel
(raw material of quenched and tempered steels.) made by PT.
Krakatau Steel (Persero), Cilegon, Banten Province, Indonesia.
This material was produced in 2008. Generally, this steel is used
to make components that need high hardness and strength.

4. 2. Method of the research

The heat treatment parameters used are the austenite
temperature (A), austenite holding time (B), and tempering
temperature (C). While the response used are hardness and
wear (both hardness and wear were carried out in two rep-
lications) before and after heat treatment condition. All of
them are arranged in an orthogonal matrix.

Equations (4)—(16) were used to determine the hard-
ness, wear, and heat treatment parameters (including levels),
then processed using Minitab 18 software.

The cooling media used in quenching heat treatment is
water because easily controlled, comforTable to obtain and
the cheapest than the other, and influence on wear and impact.

The nine specimens each were heated as follows: 870 °C
(holding time 15 minutes); 870 °C (holding time 30 min-
utes); 870 °C (holding time 45 minutes); 885 °C (holding
time 15 minutes); 885 °C (holding time 30 minutes); 885 °C
(holding time 45 minutes); 900 °C (holding time 15 min-
utes); 900 °C (holding time 30 minutes); 900 °C (holding
time 45 minutes). Then each specimen was quenched in a
water medium. After quenching, heating was carried out at
150 °C and held for 30 minutes for each specimen. Heating
was carried out using a NABERTHERM heating furnace
with a maximum temperature of 1100 °C.

Each specimen was tested using microhardness Vickers
ZWICK Type Zhu and Ogoshi wear testing machines made
by Tokyo Testing machines.

5. Results of the research

Observation of the chemical elements contained in
HRP Steel is shown in Table 1. Temperatures Ars, Mg and

My are determined by the formula (1) to (3) and shown
in Table 2.

Table 1
Chemical elements of HRP Steel
Ble- ¢ Cr | Cu | Mn | Mo | Ni Fe
ment
4) 0.29342(0.55029(0.08337[1.41218/0.19303|0.27877|97.18894
weight
Table 2
Temperature, hardness and wear of HRP Steels
Ars M My Hardness SW
2
182°Cto | 288 HVN -9 Mm
° ° 7.34x10
765°C | 357°C | Tygoec | (273 BHN)

Based on equation (5), heat treatment parameters and
responses in the orthogonal matrix Lg (3%) for hardness,
average hardness, and hardness to levels are shown in Ta-
bles 3, 4, respectively. Minitab processes Tables 3,4 and

. . S . S
Fig. 1 was obtained. — of hardness ratio and = of average
S N n
hardness and — ratio of hardness to level parameters are

shown in Table1515, 6, respectively, and using Minitab Fig. 2
was obtained.

The results of ANOVA calculation for hardness are
shown in Tables 7, 8.

Wear, average wear and wear to levels are shown in Ta-
bles 9, 10 respectively. Average specific wear to level parame-

ters are shown in Fig. 3. The results of S for specific wear
S . . " .
and average — ratio for specific wear are shown in Table 11
n
. s . e
and Table 12, respectively. Average — ratio of specific wear to
n

level parameters is shown in Fig. 4. The results of the calcula-
tion by ANOVA for specific wear are shown in Tables 13, 14.

Table 3
Hardness
Specimen A B C Hy Hp He
1 870 15 125 571 552 561
2 870 30 150 533 533 542
3 870 45 175 551 533 524
4 885 15 150 524 533 533
5 885 30 175 515 505 490
6 885 45 125 542 542 551
7 900 15 175 515 515 515
8 900 30 125 571 581 571
9 900 45 150 542 551 542
Table 4
Average hardness
Level A B C

1 544.44 535.44 560.11

2 526.00 537.89 537.00

3 544.78 541.89 518.11

Difference 18.78 6.44 42.00

Rank 2 3 1
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Fig. 1. Graph of average hardness to level parameters

Table 7

ANOVA of Hardness

SOLII'CC Ssource UA MSOM?‘C@ FVH[iO Ftolal pA%

Austenitize (A) | 2078.74 | 2.00 {1039.37| 9.41 | 3.49 | 16.71

Holding (B) 190.52 | 2.00 | 9526 | 0.86 | 3.9 | 1.53

Tempering (C) | 7964.74 | 2.00 [3982.37| 36.06 | 3.49 | 64.01

Pool Error 2208.52 | 20.00 | 110.43 - - 1775
Total-1 1244252 | - - - - [100.00
Table 8

Updated ANOVA of Hardness

Source Sxource vA M, source F, ratio F total PA %

Austenitize (A) | 2078.74 | 2.00 [1039.37| 9.41 | 3.49 |16.71

Tempering (C) | 7964.74 | 2.00 |3982.37| 36.06 | 3.49 |64.01

Table 5 Pool. Error | 2399.04 | 22.00 | 205.69 | - ~ |19.28
S
o hardness ratio Total-1 100
. .S Table 9
Specimen A B C ratio— .
n Specific wear Test Results
1 870 15 125 54.9819 Replication Average Specific Wear
2 870 30 150 54.5825 Specimen mm”*
SW1 SWQ kg
3 870 45 175 54.5776
-9 -9 -9
4 885 15 150 544847 1 2.11x10 2.46x10 2.28%10
-9 -9 -9
5 885 30 175 540316 2 1.95x10 2.11x10 2.03x10
3 2.28x10 1.95x10% 2.11x10
6 885 5 125 PAT2AT 4 285107 | 285%109 2.85%10°
7 900 15 175 54.2361 5 2.46%x1079 2.65%x10° 2.55%109
8 900 30 125 55.1824 6 1.95%x1079 2.46x10 2.20x10%
9 900 45 150 547971 7 2.65%x107 3.05x107 3.85x107
8 3.05x107 2.65x107 2.85x10%
s Table 6 9 480x109 | 238x10° 3.54x107
Average — ratio of hardness
1 " Table 10
L A B B \e
eve Average Specific Wear to Level Parameters
1 54.7140 54.56758 54.96202
5 54.59885 545 Level Austenitiza- Holding time Tempering
2 4.4127 4.5988 4.5981 tion (A)
3 54.7152 54.67551 54.28181 1 2.14x107 2.66x107 2.45x107
Difference 0.3025 0.1079 0.6802 2 2.53x10"9 2.48x10"9 2.80x10°9
Rank 2 3 1 3 3.08x10% 2.62x107 2.51x10
Difference 0.94x10° 0.18x10" 0.35x10
Main Effects Plot for SN ratios Rank 1 3 9
Data Means
[ Austenitization | Holding Time Tempering Main Effects Plot for Means
55.0 Data Means
549 1 Austenitization Holding Time Tempering
” 3.2000E-09 —
& 548
<
= 3.0000E-09
é 54.7 i
5 546 S 2.8000E-09 -
g 54.5 =
T 2.6000E-09
54.4 g
54.3 S 2.4000E-09
542 : 2.2000E-09
1 2 3 1 2 3 1 2 3
2.0000E-09

Fig. 2. Graph of average i ratio of hardness to level
n

parameters

1 2 3 1 2 3 1 2 3

Fig. 3. Graph of average Specific Wear to Level Parameters



S Table 11
Results of calculation of — specific wear
n
Specimen Replication N ratio
SWq SW, n
1 2.11x10% 2.46x10% 172.80
2 1.95x107 2.11x10% 173.86
3 2.28x10% 1.95x107 173.48
4 2.85x10% 2.85x10% 170.92
5 2.46x10% 2.65x10% 171.85
6 1.95x107 2.46x10% 173.08
7 2.65x10% 3.05x10% 170.88
8 3.05x10% 2.65x10% 170.88
9 4.80x107 2.38x10% 168.50
s Table 12
Average — ratio for specific wear
n
Level A B C
1 173.4 171.5 172.3
2 172.0 172.2 171.1
3 170.1 171.7 1721
Difference 33 0.7 1.2
Rank 1 3 2
Main Effects Plot for SN ratios
Data Means
Austenitization Holding Time Tempering
173.5
173.0
£ 1725
5
Z 172.0
s
] 171.5
= 171.0
170.5
170.0

. .8 -
Fig. 4. Graph of the average ratio — of specific wear to
n

Level Parameters

Table 13
ANOVA of specific wear
Source Ssource A | Msource | Fratio | Frotal] PA%
Austenitization (A)| 1.33x10718 | 2.00 |6.68x10719]26.09(3.98|70.37
Holding (B) 5.52x1020 | 2.00 |2.76x1020| 1.08 |3.98| 2.92
Tempering (C) |2.22x10719| 2.00 |1.11x107'%| 4.33 |3.98| 11.75
Error 2.82x1019 {11.00(2.56x1020| — | — |14.96
Total-1 18.89x10719|17.00 — - | = [100.00
Table 14
Updated ANOVA of specific wear

SOUI‘CE} Sxourae VA erce F ratio Ftoz‘al PA%
Austenitization (A)| 1.33x10°'8 | 2.00 |6.68x1071?|26.09|3.98| 70.37
Tempering (C) |[2.22x1019{ 2.00 |1.11x1019| 4.33 |3.98| 11.75
Pooled Error | 3.37x10°19{13.00(5.32x10%0| — | — [17.88
Total-1 12.00x10 [17.00 - - | = [100.00

6. Discussion of experimental results

6. 1. Hardness

Based on ranking, the effect of heat treatment parame-
ters on hardness is temper temperature, austenitization and
holding time (Tables 4, 6 and Fig. 1).

Martensite and residual stresses are produced together
by previous quenching. Martensite hardness is increased
metallurgically. Residual stress increasing the hardness
mechanically due to the dense microstructure but increases
crack susceptibility and needs to be reduced. The residual
stress can be released by a tempering temperature of 150 °C
because there is no martensite diffusion by temper heat (be-
cause it is still below M;=182 °C to 192 °C). If the tempering
temperature is above the martensite finish temperature, the
hardness will be reduced by temper heat activation.

The second rank is austenite temperature. The hard-
ness of 544.44 HVN=512 BHN and decreased at level 2
(526 VHN=495 BHN) and highest hardness (544.78 VHN=
=512 BHN). Level 1, 2 and 3 have a slightly increased hard-
ness (and ununiform hardness is produced). Nonuniform
hardness due to unsTable austenite temperature consequently
is the ununiform austenite structures, and ununiform mar-
tensite is produced.

The third rank is holding time. Level 1 producing
535.44 VHN and increase to 537.89 VHN=506 BHN
(at level 2). At level 3 producing 541.89 VHN=510 BHN
(highest hardness). Holding for a longer time will decrease
the hardness because of martensite diffusion. The pat-
tern of hardness influenced by austenite temperature, the
higher the temperature will produce coarse austenite. Aus-
tenite holding time and tempering temperature have the
same trend.

Temper temperature is the heat treatment parameter
most influencing hardness. Hardness slightly decreases by
the release of residual stress and ductility increases.

From the ANOVA of hardness, the contribution of heat
treatment parameters (austenitization, holding, and temper-
ing) is shown in Table 6 and Table 7. Austenite temperature,
holding time and temper temperature have contributed to
the hardness of steels, namely:

1) A factor of austenite temperature. Fogeuiae (9.41)>
>Frorar (3.49). Then Hj is accepted, meaning there is an effect
of austenite temperature on steel hardness.

2) Factor of holding time. Fuieutare (0.86)<Fiorar (3.49).
Then Hj is rejected, meaning there is no effect of holding
time on steel hardness.

3) Factor of tempering temperature. Fyipung (27.88)>Fp141
(3.49). Then Hj is accepted, meaning there is an influence of
tempering temperature on steel hardness.

From the data above, the predictive value of hardness
and the confidence interval for measuring the deviation
of the predicted value can be calculated. Hardness predic-
tions are calculated using equations (14)—(16) as follows.

Hardness prediction

H, =538.41+(A, —538.41)+(C, -538.41);
H, =538.41+(544.78 - 538.41)+(560.11-538.41);
H,=566.48 VIIN =532 BHN.

Efficiency for hardness
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Confidence interval for hardness

Cl = %2505.65212.63 VHN =13 BHN.

Hardness

H=H,+CI,

H,=566.48 VHN =532 BHN;

H =(566.48+12.63) VEIN = (532+13) BHN.

In data processing, take level three because the min-
imum level is permitted. Another consideration is seeing
the trend of hardness after the heat treatment process.
For industry is done by scaling because of the significant
specimen need for concern. The response value for hard-
ness changes due to the heat treatment parameters and
level are used.

6. 2. Specific wears

Based on ranking, the effect of heat treatment parameters
on wear is austenitization, tempering temperature and hold-
ing time (Tables 10, 12 and Fig. 3).

The higher the austenite temperature, the coarser aus-
tenite grain size will be produced (the coarser the austenite
the harder and more brittle martensite will be produced
when quenching is finished). If the quench is held as close
as possible to Ars (still above Ars), the fine martensite grain
structure will be obtained. High hardness causes brittle ma-
terial and decrease in specific wear. So, specific wear needs
hardness and ductility.

The second rank is temper temperature. Specific wear
fluctuating 2.45x107 goes up to level two 2.80x

mm g mm
%107 kg and goes down to level three 2.51x10 P
Specific wear fluctuations are caused by changes in time for
tempering. Tempering temperature increases the decrease in
specific wear.

The third rank is holding time, and the specific wear
decreases slightly. Possible decrease in hardness causes the
fact that the structure is not sTable yet during the holding,
and these structures need enough time to reach a sTable con-
dition. STable conditions will improve steel ductility (in this
case, in quenched and tempered steel). STable condition is
the structures that do not move when heating during the
holding time.

The ANOVA for specific wear, austenitization, holding
and tempering are shown in Tables 13, 14. Heat treatment pa-
rameter has contributed to the specific wear of steel, namely:

1. Factor of austenite temperature. F,.;,(26.09)>
>Fi0iai(3.98). Then Hy is accepted, meaning there is a signif-
icant effect of austenite temperature on specific wear of hot
rolled plate steel.

2. Factor of holding time. Fjuo(1.08)<F,01q1(3.98). Then
Hj is rejected, meaning there is no sign of holding time effect
on specific wear of hot rolled plate steel.

3. Factor of tempering temperature. F,qi0(4.33)<
<F01a1(3.98). The Hj is accepted, meaning there is a signifi-
cant influence on specific wear of hot rolled plate steels.

From the data above, the predictive value of specific wear
and the confidence interval for measuring the deviation of the
predicted value were determined. Specific wear predictions
were determined using equations (14)—(16) as follows.

Specific wear prediction

SW,=258x10"+(2.14x10™ - 258 x107" )+
+(2.45%107 - 2.58x10™);

2
o MM

SW =2.01x10" —.
p x kg

Efficiency for specific wear

18
= =3.6.
e = 90

Confidence interval for specific wear

=20
e /3.98><5.3362><10 24210

Specific wear

2
SW,=(2.01£0.242) x 10~ 2
P kg

Specific wear response values change because of the heat
treatment parameters and levels used.

7. Conclusions

The research activities have completed and can be sum-
marized as follows.

1. The orthogonal matrix with three levels to optimize
the heat treatment parameters for wear and tear is Lg (3%).
This matrix is sufficient to determine the contribution of
heat treatment parameters to hardness and wear. The heat
treatment parameters most influencing hardness and wear
are the austenite temperature at level 3 (at 900 °C) and tem-
pering temperature at level 1 (150 °C).

2. Optimization for hardness and wear is predicted to
be around 566.48%12.63 HVN=(532+13) BHN and (2.01+
£0.242)%109 =

kg

3. The closest the austenite temperature to the Ars line,
the most refined austenite structure is, and fine martensite
is produced when the quenching is finished. The fine grain
structure will increase ductility. Ductility is increased by
tempering at 150 °C, this temperature releases residual
stress only, and there is no martensite diffusion. The holding
time to obtain structural stability during austenite heating
and tempering and a Table structure on warming will pro-
duce a homogenous microstructure.

, espectively.
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