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ABSTRACT: Ultra-high hardness armor grade steels are commonly 
used in sectors such as patrol vehicles, cash-in-transit vehicles, armored 
personnel carriers, building protection, among others. The aim of 
this work was to evaluate the toughness of a material in this class by 
determining the ductile-to-brittle transition temperature (DBTT) using 
some of its definitions. Charpy impact tests were conducted and the 
fracture faces of the specimens were evaluated through both macroscopic 
and microscopic analysis. The tests were conducted at temperatures 
ranging from -60°C to room temperature, using specimens extracted 
longitudinally to the rolling direction. Micrographic analyses indicated 
that determining the DBTT using the energy absorption criterion is 
appropriate and reliable. The obtained results show that, based on an 
absorbed energy of 12.92 J, the transition temperature is -27.73°C. 

RESUMO: Os aços de nível de blindagem de ultra-alta dureza são 
comumente utilizados nos setores de veículos de patrulha, veículos de 
transporte de valores, viaturas blindadas de transporte de pessoas, 
proteção de edificações, entre outros. O objetivo deste trabalho se constituiu 
na avaliação da tenacidade de um material dessa classe, determinando 
a temperatura de transição dúctil-frágil (TTDF) utilizando algumas 
das suas definições. Realizou-se ensaios de impacto Charpy e a avaliação 
combinada das faces de fratura dos corpos de prova por macroscopia e 
microscopia. Os testes foram realizados em temperaturas que variaram 
de -60°C a temperatura ambiente com corpos de prova retirados 
longitudinalmente à direção de laminação. As análises micrográficas 
ostentaram que a determinação da TTDF por critério de absorção de 
energia é adequada e confiável. Os resultados logrados são que, com base 
em 12,92 J de energia absorvida, a temperatura é -27,73°C. 
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1. Introduction

In recent decades, studies involving the field 
of armor have always been engaged in efforts 
to provide light armor technologies that can 

defeat projectiles (Armor-Piercing, AP). To meet the-
se requirements, the availability of tempered and 
quenched armor steels has been increased, and most 
importantly, the MIL-DTL-46100E specification has 
been upgraded to High Hardness Armor (HHA) ste-
els [1]. Although this metal specification has met the 
intended applications, considerable efforts have been 
made to develop ultra-high hardness—quenched and 
tempered (UHH-Q&T) steels with a hardness of 600 
HB or more [2].

The various types of steel offered by each supplier 
are generally differentiated according to a specific 

and increasing hardness value. The lowest hardness 
value corresponds to rolled homogeneous armor ste-
el (RHA – 380-430 HBW), then medium hard armor 
steel (MHA - 420-480 HBW), HHA steel (480-540 
HBW), and the highest level of hardness is reached 
with UHA or UHH-Q&T steel (570-640 HBW) [3].

Focusing on the projectile-target interaction, it can 
be determined that penetration mechanisms result 
from the property that represents the degree of de-
formation a material can withstand before fracturing. 
In ductile materials, fracture occurs due to the ini-
tial stress wave, radial fracture, shattering, plugging, 
frontal petaling, rear petaling, fragmentation and 
ductile hole enlargement. However, when a brittle 
material is used, the entire study can be summarized 
by the characteristics of fragmentation [4].
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These phenomena bring up the need to determine 
a limit temperature, below which the material’s frac-
ture behavior changes from ductile to brittle, in order 
to predict occurrences of brittle fracture. This tempe-
rature is called the Ductile-to-Brittle Transition Tem-
perature (DBTT) of materials and the Charpy impact 
test is considered to be one of the most suitable for 
studying this issue [5-7].

By collecting energy absorption data through 
the Charpy impact test of metallic materials such as 
UHH-Q&T steel at various temperatures, the DBTT 
of this material can be determined. It is usually seen 
that there are two levels of absorbed energy, called the 
lower shelf and the upper shelf, and a region between 
them, called the transition zone [8-12].

It is therefore known that at temperatures cor-
responding to the lower energy absorption shelf, 
the material will fracture, mainly in a brittle manner 
with a predominance of the cleavage fracture micro-
mechanism, while at temperatures corresponding to 
the upper energy absorption shelf, the material will 
fracture in a mostly ductile manner due to the coa-
lescence of microcavities. A laborious task, however, 
is to determine the DBTT, which will be a reference 
temperature for the change in the material’s fractu-
re behavior from ductile to brittle as the temperature 
decreases [10, 13-15].

Checking how the fracture face looks is one of 
the methodologies for designating the DBTT, ran-
ging from a fracture with a 100% shiny to 100% 
opaque appearance, and this characterization is 
done exclusively by visual observation of the frac-
ture face, making it possible to establish a tempera-
ture at which the change in fracture micromecha-
nism occurs. However, a suitable criterion would be 
needed to define the DBTT, as it would be difficult 
to determine this in experimental practice by eva-
luating these fractured specimens alone. For this 
purpose, the methodology indicated in ASTM E23 
[16], which is the standard for carrying out the im-
pact test, can be used. 

However, the visual comparison method described 
in the standard is inaccurate, as the photographs to 
be used for comparison with the fracture faces of the 

test specimens leave something to be desired in ter-
ms of quality, resulting in a comparison with a high 
probability of inaccuracy [17-20]. It is therefore im-
portant to apply other methodologies to determine 
the DBTT. In the simplest and most accurate method, 
the DBTT is determined from the curve of absorbed 
energy as a function of temperature, and one possible 
criterion in this scenario is to consider that the DBTT 
is the temperature at which the average energy be-
tween the upper and lower levels of the curve is rea-
ched, illustrated in Fig. 1 [21-23].

In this context, the objective of this work was to 
determine the DBTT using some of its definitions 
combined with macroscopic and microscopic analy-
ses of the fracture surface and metallurgical factors. 
Different test temperatures were used, in order to 
cover the range from temperatures at which the 
material of interest is expected to show 100% brit-
tle fracture to temperatures at which 100% ductile 
fracture occurs.

2. Material and methods

2.1 Material

The material under study is UHH steel with a yield 
strength of 1500 MPa, thickness 5 mm, quenched and 
tempered (QT), classified as armor grade. This ma-
terial meets the requirements for shape tolerances in 
accordance with EN 10029 [24], flatness tolerances in 
accordance with EN 10029 Class N – Steel Type L [24] 
and surface properties in accordance with EN 10163-
2 Class B Subclass 3 [25]. 

The applicability of this material is as an addi-
tional protective sheet, or in cases where weight is 
critical, providing protection against both penetra-
tion and explosions. This same material is used in 
patrol vehicles, cash-in-transit vehicles (CIT), ar-
mored personnel carriers (APCs), building protec-
tion and other sectors. The chemical composition 
and mechanical properties of the material, speci-
fied in the standard, are shown in Tables 1 and 2, 
respectively.
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Table 1 - Main chemical composition of the material (% mass).

C Si Mn Ni Cr Mo B S P

0.47 0.70 1.00 3.00 1.50 0.70 0.0005 0.003 0.01

Source: [26].

Table 2 - Main mechanical properties of the material.

Hardness 
HBW

Yield strength
Rp0.2 mín. MPa

Ultimate strength
Rm min. MPa

Elongation
%

570-640 1500 2000 7

Source: [26].

2.2 Sample preparation

The test specimens were extracted from a 500 x 
500 x 5 mm plate of UHH-Q&T steel using the elec-
trical discharge machining process. The specimen 
dimensions follow the sub-size classification of ASTM 
E23 [16], i.e., 10 x 5 x 55 mm, with a 2 mm deep V-
-notch in the 5 mm thickness, a 45° angle, and a root 
radius of 0.25 mm at the center of the specimen, ve-
rified using a profile projector and an optical micros-
cope (OM)).

2.3 Charpy impact test

The Charpy impact tests were conducted in a Pa-
nambra impact tester, model PW30/15R, with a 30 
J hammer, in accordance with ASTM E23 standard 
[16], using three specimens for each temperature. 
The tests began at room temperature (20.8°C) and 
were extended to lower temperatures: 0°C, -20°C, 
-40°C and -60°C. To reach these temperatures below 
room temperature, the specimens were inserted into 
liquid nitrogen, thus obtaining the absorbed energy 
as a function of temperature.

In order to evaluate the data obtained through the 
Charpy test, a curve of absorbed energy as a function 
of temperature is drawn up, but for better clarity in the 
analysis, this curve must be adjusted, and the method 

used was based on that proposed by Ericksonkirk, Shai-
kh and Ericksonkirk [27]. Using this method, the absor-
bed energy data as a function of the temperatures used 
in the test was adjusted using the formulation based on 
the hyperbolic tangent, which complies with Eq. 1.

* −
= +

T DY A B tanh
C

(1)

In Eq. 1, Y is the variable to be adjusted and T is 
the test temperature variable. The adjustment varia-
bles A, B, C and D are illustrated in Fig. 1 and are 
defined as follows: A: average of the energies between 
the upper and lower shelves; B: range between the 
energies of the upper and lower shelves; C: half of the 
transition temperature range; and D: temperature of 
the average of the lower and upper shelves.

The DBTT value was established according to the 
following definitions:
•	 DBTTEA: Ductile-to-Brittle Transition Tempera-

ture at which the arithmetic mean of the absorbed 
energies in the upper and lower shelves occurs.

•	 DBTTBN: Ductile-to-Brittle Transition Tempera-
ture at which zero ductility transition occurs, i.e., 
100% brittle fracture.

•	 DBTTND: Ductile-to-Brittle Transition Tempera-
ture at which there is zero brittleness transition, 
i.e. 100% ductile fracture.
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Fig. 1 - Illustration of the adjustment variables of 
the hyperbolic tangent equation.

A
bs

or
be

d 
en

er
gy

 (J
)

Temperature (oC)

Source: [27]. 

2.4 Macroscopy versus microscopy of the fracture

Fracture surface analysis was conducted on speci-
mens fractured in Charpy impact tests. The samples 
were previously cleaned in an ultrasound machine using 
an acetone solution. For imaging, a ZEISS SteREO Dis-

covery V12 optical stereomicroscope and a FEI Quan-
ta FEG 250 scanning electron microscope (SEM) were 
used, in accordance with ASTM standard E2142 [28].

3. Results and discussion
The microstructural aspect of the BM observed via 

OM, the presence of columnar laths and lath blocks 
after etching with 2% nital solution, can be seen in 
Fig. 2(a), which confirms that the material is tempe-
red martensitic steel. Fig. 2(b) shows the SEM image, 
which indicates that the laths shown in the previous 
image are acicular martensite laths.

One of the main purposes was to determine whe-
ther or not the material under study exhibits a ductile-
-to-brittle transition with decreasing temperature and, 
if so, in what temperature range the phenomenon oc-
curs. The ductile-to-brittle transition is related to tem-
perature by the impact energy measured in the test. 

Fig. 2 - Microstructure of BM: (a) micrograph via OM; (b) micrograph via SEM.

(a) (b)

For some researchers, such as Burdekin and Folch 
[29], the DBTT is defined as the temperature range 
over which the change in energy levels from low to 
high occurs. However, as in practice there is usually no 
sudden change in energy, but rather a transition zone, 
it is difficult to determine the DBTT precisely. There-
fore, a series of tests were carried out at different tem-
peratures combined with macroscopic, microscopic 
and chemical composition analyses, which allowed the 

DBTT to be determined, which is an important para-
meter when selecting a material from the point of view 
of toughness or tendency to occur brittle fracture [29].

3.1 Absorbed energy

Table 3 shows the values obtained in the Charpy 
tests using the specimens made from the material un-
der study. It should be noted that all the specimens 
separated completely during the test.
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Table 3 - Charpy impact test results (values in Joule).

Temperature 
(°C) CP01 CP02 CP03 Average

20.8 16.0 16.0 16.0 16.0

0.0 15.0 15.0 15.0 15.0

-20.0 15.0 14.0 14.0 14.3

-40.0 10.0 10.0 12.0 10.7

-60.0 10.0 9.0 12.0 10.3

Fig. 3 shows the absorbed energy curve as a func-
tion of temperature for the UHH-Q&T steel under 
study. The behavior of the curve obtained is charac-
teristic of high-strength steels, with a relatively small 
variation in absorbed energy over a temperature 
range of -80 to 100°C [5]. It is plausible to see in the 
curve that at higher temperatures, the impact ener-
gy is greater and is compatible with a ductile mode 
of fracture. As the temperature decreases, the impact 
energy reduces over a relatively small temperature in-
terval (around 20°C), from which the impact energy 
presents a low and essentially constant value; in this 
interval, the fracture mode is brittle. 

The absorbed energy value is obtained by direc-
tly reading the value on the tester’s scale. By plotting 
these values as a function of the temperature used 
in the test, it is possible to verify the change in the 
material’s behavior according to the change in tem-
perature. The plateau regions were identified by vi-
sual examination of the points plotted on the graph. 
Thus, it was found that the lower plateau comes at a 
temperature of -60°C, while the upper plateau comes 
in the range of 0°C to 20.8°C.

After defining the energy thresholds, the transi-
tion region (-40 to -20°C) was adjusted by linear re-
gression. The results are shown in Fig. 4. Next, the 
hyperbolic tangent was adjusted using the MS – Excel 
Solver function. Fig. 5 shows the results obtained: the 
graphical form; the equation of the adjusted hyper-
bola; and the value of the correlation coefficient (R2) 
relating to the adjustment of the experimental points 
with the hyperbolic tangent curve.

Fig. 3 - Absorbed energy curve as a function of 
temperature in the Charpy impact test.
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Fig. 4 - Linear regression of the transition region.
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Fig. 5 - Absorbed energy curve as a function of 
temperature adjusted by the hyperbolic tangent me-
thod.
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By drawing up the graphs shown, it was possible to 
determine the following parameters, which are illus-
trated in Fig. 6: temperatures DBTTEA, DBTTBN and 
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DBTT(ND); and energy of the upper parameter (EUP) 
and lower parameter (ELP). Table 4 shows the va-
lues of these parameters and the temperatures of the 
upper parameter (TUP) and lower parameter (TLP) 
by absorbed energy criterion.

Fig. 6 - Parameters DBTTEA, DBTTBN, DBTT(ND), 
EUP and ELP.
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Table 4 - Results obtained by absorbed energy cri-
terion using the hyperbolic tangent method.

Parameter Value
DBTT(EA) (°C) -27.73

DBTT(BN) (°C) -41.83

DBTT(ND) (°C) -13.64

EUP (J) 15.50

TUP (°C) -13.64

ELP (J) 10.33

TLP (°C) -41.83

3.2 Macroscopic and microscopic analysis

The macrographs of the fracture surfaces of the spe-
cimens are shown in Fig. 7. It is visually noticeable that, 
although there is a likelihood of a discrepancy occur-
ring, as the test temperature decreases, there is a decre-
ase in shear fracture, i.e. the percentage of ductile frac-
ture area decreases, giving way to brittle fracture. With 
regard to the topic of lateral expansion, there was no 
evidence of this occurring, even in specimens at 0°C and 
room temperature, classified at first as mainly ductile.

It is possible to classify and quantify these fractures 
by means of qualitative and quantitative analyses of the 
percentage of ductile fracture, respectively, using the 
ASTM E23 standard as a reference [16]. However, other 
studies [30-31] have shown that the values obtained 
when each of the different definitions for determining 
DBTT is adopted are different from each other. As a re-
sult, measuring DBTT values based on qualitative and  

quantitative ductile fracture percentage criteria, 
despite also being results of the evaluation of the frac-
ture faces of the test specimens, are certainly suscep-
tible to incredulity.

Table 5 shows the percentages obtained by both 
criteria (qualitative and quantitative) and confirms 
the significant differences between them. Also, when 
the values for the percentage of ductile fracture of 
the surfaces are compared with the values obtained 
using the absorbed energy criterion, incompatibility 
is observed, despite the fact that they are achieved by 
different criteria. From the evaluation of the fracture 
faces, it is clear that there is a risk of disparity between 
the results, since the appearance of the fracture faces 
of different materials can be similar.

Fig. 7 - Macroscopy of the fracture face of Charpy impact test specimens at temperatures: (a) ambient; (b) 
0°C; (c) -20°C; (d) -40°C; (e) -60°C (5X magnification).
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Table 5 - Percentage of ductile fracture using the 
ASTM E23 standard as a reference.

Temperature 
(°C) % Qualitative % Quantitative

Room 50.00 34.73

0.0 50.00 32.21

-20.0 40.00 26.28

-40.0 40.00 25.29

-60.0 20.00 9.68

Therefore, in order to study the fracture micro-
mechanism in greater detail and obtain greater re-
liability, microscopic analyses of the fracture faces 
were conducted via SEM. The aim of this analysis was 
to confirm the fracture micromechanism observed 
through macroscopy on the fracture faces of the spe-
cimens tested under Charpy impact at the different 
temperatures.

The SEM micrographs of the fracture surfaces of 
the specimens after the tests, carried out at room tem-
perature, -20°C and -60°C, are shown in Fig. 8 to Fig. 
10, respectively. The figures show the surfaces sub-
divided into three regions of the specimens (top, mi-
ddle and bottom), noting that in the left column the 
magnification is 30X or 50X and in the right column 
the magnification is 1000X or 2000X.

It is noticeable in Fig. 8 that the surface contains a 
typical feature of a predominantly ductile fracture—
roughness. Another characteristic of a highly ducti-
le fracture, dimples, are also evident on the surface. 
These micromechanisms are supported by the cur-
ve of absorbed energy as a function of temperature 
adjusted by the hyperbolic tangent method, as this 
would show a mainly ductile fracture.

The specimens tested at -20°C are the ones with 
a temperature closest to DBTTEA and whose fractu-
re faces were considered mixed (as having brittle and 
ductile fractures), which is in line with the behavior 
expected of the material at the transition temperatu-

re. As shown in Fig. 9, where both cleavage fracture 
and shear fracture were considered to be present.

Fig. 10 shows micrographs of the fracture surface 
of the specimens after testing at -60°C. The surface 
characteristics show a predominant fracture resulting 
from the cleavage micro-mechanism, which is consis-
tent with the region of this temperature in the curve 
of absorbed energy as a function of temperature ad-
justed by the hyperbolic tangent method.

3.3 Effect of chemical composition

A comparative analysis between the material 
under study and another type of tempered and 
quenched steel, the AISI 4340 steel studied el-
sewhere [32], and corroborated the prescribed 
effect of chemical composition on the impact frac-
ture energy curve. In other studies, this effect is 
also consistent with the behavior of other steels 
[33]. The DBTT of AISI 4340 steel occurred at 
0°C determined at 21.0 J. Its Mn, C, P and S con-
tent in % weight is 0.72, 0.42, 0.015 and 0.008, 
respectively [32]. As shown in Table 1, UHH-Q&T 
has a higher Mn content, inducing a rise in absor-
bed energy, but the higher C content encourages 
greater vigor instead. Therefore, partly due to this 
relationship, the absorbed energy of the material 
under study is lower (12.92 J).

3.4 Correlation between Charpy impact and fracture 
toughness

Both the Charpy test and the Pellini drop-weight 
test are still widely applied to structural materials. 
ASTM has standardized both tests, as well as a num-
ber of related approaches [16, 34-35]. Although these 
tests lack the mathematical rigor and predictive capa-
bilities of fracture mechanics methods, these approa-
ches provide an excellent qualitative indication of ma-
terial toughness. The advantage of these qualitative 
methods is that they are less expensive and easier to 
perform than fracture mechanics tests [16, 34].
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Fig. 8 - SEM images of details of the fracture face 
of the specimen tested by Charpy impact at room 
temperature.
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Some researchers [36-38] have correlated the 
absorbed energy obtained in the Charpy test with 
fracture toughness parameters such as KIc. Some of 
these empirical correlations work reasonably well, 
and the shipbuilding industry uses the Pellini drop-
-weight test to qualify steels for ship hulls. However, 
there are important differences between these tests 
and fracture mechanics tests that prevent simple re-
lationships between qualitative and quantitative me-
asures of toughness. 

These differences include the fact that Charpy and 
drop-weight test specimens have an initial notch, whi-
le fracture mechanics specimens have significant fati-
gue cracks [16, 34].

When the material available does not allow Char-
py impact specimens to be made to the standard size 

(10 x 10 x 55 mm), smaller ones can be used, as was 
the case in this study, but the results obtained with 
different specimen sizes cannot be compared direc-
tly. When Charpy specimens with dimensions smaller 
than the standard, i.e. sub-size, are required or spe-
cified, they can be selected in accordance with Annex 
A3–Additional Impact Test Specimen Configurations of the 
ASTM E23 standard [16].

Fig. 9 - SEM images of details of the fracture face 
of the specimen tested by Charpy impact at -20°C.
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Varying, increasing or decreasing the thickness 
and/or width of the specimen tends to modulate the 
volume of the metal subjected to distortion and, as a 
result, also tends to change the energy absorbed.

However, any increase in size, particularly in thi-
ckness, also tends to increase the degree of restriction 
and, by tending to induce brittle fracture, can decrea-
se the energy absorbed [16].
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Fig. 10 - SEM images of details of the fracture face 
of the specimen tested by Charpy impact at -60°C.
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A general correlation between the absorbed ener-
gy values obtained with specimens of different sizes or 
shapes is not feasible, but limited correlations can be 
established for specification purposes based on spe-
cial studies of specific materials and specimens [16].

4. Conclusions
From the methodology used in the Charpy impact 

test combined with fractographic analysis, it was pos-
sible to obtain a better understanding of impact tests 
and material behavior analysis, thus enabling the ve-
rification of energy absorbed as a function of tempe-

rature for specimens tested at different temperatures. 
It can be said that this is the most appropriate method 
for determining the DBTT of UHH-Q&T steel.

The tests showed that it is possible to obtain me-
chanical properties in terms of the toughness of a ma-
terial by means of impact. Through this development, 
it was realized that temperature influences the tou-
ghness of the material, obtaining, for the specimen 
tested, a predominantly brittle structure at low tem-
peratures and a dominant ductile structure at room 
temperature, certified by micrography. In this way, 
the correct material to use at different temperatures 
can be determined.

By evaluating the fracture faces of the specimens 
by SEM, it was possible to see that in the specimens 
tested in the transition zone there are regions where, 
by visual evaluation, it was considered that there was 
cleavage fracture, but in these there are also regions 
with alveoli resulting from plastic deformation of the 
material, typical of ductile fracture. The qualitative 
and quantitative criteria are therefore doubtful.

The results show that the DBTT based on 12.92 J 
of absorbed energy is -27.73°C. In addition, the tem-
perature at which the zero ductility transition occurs 
is -41.83°C and the zero brittleness transition occurs 
at -13.64°C.
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