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Non-destructive studies on tensile and fracture

properties of molybdenum at low temperatures
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M. D. MATHEW, K. L. MURTY
North Carolina State University, Raleigh, NC 27695-7909, USA
E-mail: mdmathew@eos.ncsu.edu

Tensile and fracture properties of molybdenum have been studied using the automated ball
indentation technique. Tests have been carried out at several temperatures in the range of
148 to 423 K at a constant strain rate. Tensile properties determined from these tests agreed
well with published results from conventional tensile tests. Temperature dependence of
indentation energy to fracture, the fracture toughness parameter specific to this technique
using critical stress-to-fracture concept, showed a sharp transition from brittle to ductile
condition. These results complement the previous studies on pressure vessel steels, and
clearly demonstrate that automated ball indentation technique is a reliable and
non-destructive method for determining tensile and fracture properties of materials.
C© 1999 Kluwer Academic Publishers

1. Introduction
Stress-Strain Microprobe (SSM) is a newly developed
equipment that can be used for determining the mechan-
ical properties and fracture behavior of materials in a
nearly non-destructive manner [1]. SSM employs the
principle of Automated Ball Indentation (ABI) tech-
nique. Studies using SSM clearly demonstrated the
feasibility of obtaining the true stress-strain behav-
iors of ferritic steels and weldments (and of different
microstructural regions such as heat-affected zones),
stainless steel castings as well as electronic solders
(SnSb, AgSn etc.) [2–6]. The fracture properties have
been evaluated in terms of a new fracture energy param-
eter called Indentation Energy to Fracture (IEF) using
critical stress-to-fracture concept [7]. Good correlation
has been obtained between ABI, tensile and impact tests
on various materials under different thermo-mechanical
conditions [2–7].

In this paper, we report the tensile and fracture prop-
erties of commercially pure molybdenum metal over a
temperature range of 148 to 423 K as determined from
ABI tests. A small rod of 12.5 mm diameter was used
for these tests. The principles of ABI technique are
briefly described in the following section.

2. Stress-strain microprobe
Although the principle of ball indentation to study de-
formation behavior of materials is not new [8, 9], ABI
technology has several distinctly unique features. The
foremost feature is that it is fully automated and does
not require measurement of diameter of the indentation
after testing using elaborate profilometry, optical inter-
ferometry etc. that renders the traditional methodology

unsuitable for on-line measurement of the mechanical
properties of structures in-service. The Stress-Strain
Microprobe System was developed and patented by
Advanced Technology Corporation [1] to test minimal
material, and determine several mechanical property
parameters of metallic structures including welds and
heat-affected zones. The SSM system is based on the
principle of strain-controlled multiple indentations at a
single penetration location on a polished surface by a
small spherical indenter (diameter equal to or less than
about 1.57 mm). The indentation depth is progressively
increased to a maximum user-specified limit with in-
termediate partial unloadings. The applied indentation
loads and associated penetration depths are measured
during the test and are used to calculate the incremen-
tal stress-strain values from a combination of elastic-
ity and plasticity theories, and semi-empirical relation-
ships which govern material behavior under multiaxial
indentation loading [3, 6]. By analyzing the flow curve,
tensile parameters of the material such as yield strength,
ultimate tensile strength, strength coefficient and strain
hardening exponent, as well as a fracture energy pa-
rameter called Indentation Energy to Fracture (IEF) are
evaluated.

One of the greatest advantages of ABI technique is
that it is nearly non-destructive since no material is
removed from the testing surface. A smooth shallow
spherical indentation, as small as 0.5 mm deep is left at
the end of the test. This spherical impression is harm-
less to the tested structure because it has no sharp edges,
and so it does not introduce any stress concentration
sites. Moreover, the ball indentation leaves a compres-
sive residual stress which will retard crack initiation
at the ABI test site. Because of the small area over
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which the test is carried out, it is possible to determine
point to point variations in mechanical properties (such
as those that exist between base metal, heat affected
zone and weld nugget in a weldment). Although ABI
technique is non-intrusive/non-destuctive, it is a state-
of-the-art mechanical test that measures directly the
current/local deformation (stress-strain) behavior of the
material. Hence, SSM can be used as anin-situ testing
instrument for non-destructive assessment of mechan-
ical properties of components in-service (e.g. nuclear,
chemical, aerospace, and defense) without adversely
affecting their structural integrity.

The SSM system uses an electro-mechanically driven
indenter, high resolution penetration transducer and
load cell, a personal computer (PC), a 16-bit data ac-
quisition/control unit, and a copyrighted ABI software.
The test is fully automated with a PC and test con-
troller used in innovative ways to control the test and
analyze data including real-time graphics, digital dis-
play of load-depth test data, etc. Fig. 1 shows an over-
all view of the SSM system. Spherical indenters made
of tungsten carbide are used with diameters varying
from 0.254 to 1.575 mm, depending on the specimen

Figure 1 Stress-Strain Microprobe System with environmental chamber.

thickness and width of the microstructural region to
be tested. The indenter is driven at a constant speed
into the material to be tested, and progressive multiple
loadings/partial unloadings are performed at a single
test location. Load and depth of penetration are moni-
tored using on-line load cell and linear variable differ-
ential transducer respectively. Capability of the system
has been further improved recently by incorporating
single cycle test method with no intermediate partial
unloadings; such tests are required for high strain rate
testing and continuous stress-strain measurement. Low
and high temperature testing capability has been added
with a furnace and temperature controller that enables
testing in the range of 73 to 473 K.

3. ABI analysis
3.1. Yield strength
In a standard tensile test, the uniaxial deformation is
confined to the constant volume of the specimen’s
gauge section. Initially, the material is deformed elas-
tically, following which plastic yielding and work-
hardening commence and continue uniformly till the
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Figure 2 Typical indentation load versus depth curve at room tempera-
ture.

onset of necking. In contrast, in an ABI test, the elastic
and plastic deformations are not distinctly separated.
With increasing indentation penetration depth, an in-
creasing volume of test material is forced to flow un-
der multiaxial compressive stresses generated by the
advancing indenter. Hence, in an ABI test, yielding
and work-hardening occur simultaneously during the
whole course of the test. An accurate determination
of yield strength should hence be based on the entire
load-displacement curve from the ABI test. It should
be emphasized that in an ABI test consisting of seven
loading and unloading cycles as shown in Fig. 2, there
will be seven consecutive processes of work hardening
of both old and new material. Hence, the yield strength
analysis is carried out by taking into account simultane-
ous occurrence of yielding and strain hardening of the
material under conditions of multiaxial compression.

As seen from Fig. 2, ABI load increases linearly
with penetration depth. The linear increase is the conse-
quence of two non-linear but opposing processes occur-
ring simultaneously, i.e. the non-linear increase of load
with depth due to spherical geometry of the ball inden-
ter and increase of load due to power-law work harden-
ing of the material. Hence, ABI tests do not exhibit the
traditional segmented behavior, i.e., linear elastic fol-
lowed by non-linear work-hardening of the material.
Fig. 3 shows a schematic representation of the indenta-
tion profile in an ABI test. For each ABI loading cycle,
the total penetration depth (ht) is measured while the

Figure 3 ABI indentation geometry.

load is applied and the depth is converted to a total
indentation diameter (dt) using the following equation:

dt = 2
√

Dht − h2
t (1)

In Equation 1,D is the diameter of the indenter. The
plastic depth,hp, is derived by extrapolating total depth
to zero load. Data points from all loading cycles (max-
imum value ofdt/D= 1.0) are fit by linear regression
analysis to the following relationship:

P/d2
t = A(dt/D)m−2, (2)

where P is the applied indentation load,m is the
Meyer’s coefficient andA is a material parameter ob-
tained from the regression analysis. Knowing the ma-
terial parameterA, the yield strength (σy) is calculated
from the expression:

σy = βmA (3)

whereβm is a constant for a given class of materials. The
value ofβm for each class of materials is determined
independently using yield strength obtained from stan-
dard tensile tests, and value ofA obtained from ABI
tests. A single value of 0.2285 forβm has been found to
be applicable to all carbon steels whether cold rolled,
hot rolled or irradiated [2–5].

3.2. Stress-strain relation
A basic premise in the application of the ABI technique
is that materials behave similarly under tensile and com-
pressive loading. Plastic flow of materials under tensile
loading is generally represented by the equation

σt = K εn
p, (4)

whereσt is the true stress,εp is the true plastic strain,n is
the strain hardening exponent andK is the strength co-
efficient. This representation is not a necessary require-
ment for determining the indentation-derivedσt− εp
curve as will be shown later (Equations 6 and 7) but it
can be used to determinen over theεp range of inter-
est. Besides, a single power law curve may not fit the
entire flow curve as noted in ASTM Standard E646-
78 (Standard Test Method for Tensile Strain Hardening
Exponents of Metallic Sheet Materials).

A computer program is used to solve the following
equations to determine the true stress and true strain
values. From the plastic depthhp, the plastic diameter
dp is calculated by iterating the following equation,

dp = 3

√√√√(2.735P D)
(1/Espec+ 1/Eind)

(
4h2

p+ d2
p

)
4h2

p+ d2
p − 4hpD

(5)

where P is the measured load,Espec and Eind are
the elastic moduli of the specimen and indenter
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respectively. The true stress (σt) and plastic strain (εp)
values are then calculated using the following equa-
tions,

εp ≡ 0.2
dp

D
(6)

σ = 4P

πd2
pδ

(7)

whereδ is known as a constraint factor. For a given class
of materials,δ is a constant [2, 3, 6] and it increases from
a value of 1.12 at the initial yielding of the material
up to a value near 3 at full plastic zone development.
δ is calculated by the ABI software by iterating the
following set of equations:

δ =


1.12 φ ≤ 1

1.12+ τ · lnφ 1< φ ≤ 27,

2.87 · αm φ > 27

(8)

where

τ = (2.87 · αm− 1.12)/ ln(27), φ= εpEspec/0.43σt.

There are three stages in the development of the plastic
zone beneath the indentation and are expressed analyti-
cally in theδ parameter: (i) nucleation of a plastic zone
during initial yielding, (ii) development of the zone with
an increasing size as a function ofφ, and (iii) full es-
tablishment of plasticity around the indentation as the
zone is well developed and envelopes the indentation.
The αm parameter is material dependent and is held
constant between 1.10 and 1.25 for various structural
steels.

Under compressive loading, materials do not un-
dergo necking and so do not attain instability condi-
tions. Hence the ultimate tensile stress is determined in
an indirect way. Sincen is equal to the true uniform
strain at the ultimate tensile stress of the material under
tensile loading, the true ultimate tensile stress can be
obtained from Equation 4 as

σTS = K (n)n (9)

The ultimate tensile strength (nominal value),SUTS, is
then obtained from the equation

SUTS = K

(
εu

e

)n

= K

(
n

e

)n

, e≈ 2.71 (10)

Values ofnandK are determined by regression analysis
of the data fitted to Equation 4.

3.3. Indentation energy to fracture (IEF)
Application of ABI technique to determine fracture en-
ergy is based on the premise that although compressive
loading does not promote fracture, it does introduce a
stress concentration in the material through the indenta-

tion process. From finite element analysis, it was shown
that a tensile stress state existed at the center of the im-
pression just ahead of the indenter [10]. This stress in-
creases in magnitude as the indenter penetrates into the
material. Just as conventional destructive fracture tests
require a tensile stress concentration at a crack tip, ball
indentation introduces an analogous tensile stress con-
centration albeit over a larger (less sharp) area than a
crack tip.

The model assumes fracture conditions to occur if the
stress concentration produced by the ball indentation
exceeds the material’scritical cleavage fracture stress
(σf ). (In the case of HSLA steels, it has been established
that the critical cleavage fracture stress is independent
of temperature and heat-treatment [11]). Hence if the
value of stress at the point of maximum stress concen-
tration is known as a function of indentation depth, the
depth at which the stress exceedsσf could be predicted.
If the energy deposited in the material by the indenter
could be determined as a function of the depth, then
the energy upto assumed fracture stress could be pre-
dicted. This energy to fracture is termed the Indentation
Energy to Fracture (IEF) [7].

Determination of IEF requires: (i) relationship be-
tween ABI flow stress and indentation depth, (ii) re-
lationship between ABI flow stress and stress at the
point of stress concentration, (iii) value of the critical
stress for cleavage fracture, and (iv) relationship be-
tween energy deposited into the material by the indenter
and depth of penetration. The relationship between ABI
flow stress and depth is obtained from ABI data since
load versus depth data is converted into stress versus
strain. This relationship, illustrated in Fig. 4, is linear as
explained earlier, thereby allowing easy extrapolation.

Using elasticity theory, the ratio between ABI de-
rived flow stress and the maximum stress concentration
was estimated to be approximately 2/3 [7]. This ratio
was used to relate the critical fracture stress and a rep-
resentative stress. Instead of converting the flow stress
into values of the stress concentration,σf was converted
into an ABI flow stress called therepresentativefrac-
ture stress (σ r

f ) [7],

σ r
f =

2

3
σf, (11)

The representative stress, as defined in Equation 11 is
the critical stress to fracture normalized to ABI flow
stress and it intersects the flow curve regression line at
a corresponding depth value as shown in Fig. 4. This
value of depth delineates the point at which the stress
state for fracture would exist ahead of the indenter and
is termed “depth to fracture (hf )”. IEF, or the energy
deposited into the material at the fracture depth is given
by integration of ABI flow stress up to the predicted
depth to fracture. This energy is in the form of a surface
energy, with units of energy per unit area (mJ/mm2).

The derivation assumes that the flow stress is equal to
the mean (or Meyers) stress, i.e.,σt= P/(π4 d2). Load
is equal to the slope of the load depth curve,mLD,
times the depth, i.e.,P=mLD ·h. Diameter of the im-
pression is calculated from the depth of penetration us-
ing Pythagorean’s theorem, i.e.,d = √Dh− h2. The
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Figure 4 Determining fracture depth from stress vs. depth data.

resultant expression for IEF is in terms of a natural
logarithm of the depth to fracture,

I E F =
∫ hf

0
σt(h) dh, (12a)

or,

I E F =
∫ hf

0

mLD · h
π · (Dh− h2)

dh

= mLD

π
· ln
[

D

(D − hf )

]
, (12b)

4. Experimental procedure
Automated ball indentation tests were performed using
a bench model Stress Strain Microprobe, PortaFlow-P1,
developed and patented by M/s Advanced Technology
Corporation, USA. A tungsten carbide spherical inden-
ter of 0.76 mm diameter was used for all the tests. ABI
tests were carried out at eleven different temperatures
in the range from 136 to 423 K on a piece of commer-
cially pure molybdenum metal. An indenter velocity
of 0.025 mm/s was selected for all the tests. Cooling of
the specimen below room temperature was achieved us-
ing liquid nitrogen along with an advanced temperature
controller that can control temperature in the range of
73 to 473 K. The indentation load and the correspond-
ing depth were measured on-line using a load cell and
LVDT respectively. Tests at all the temperatures could
be completed on a single cross-section of the rod since
ABI test produces only a small impression. Typical in-
dentations from ABI tests are shown in Fig. 5 while the
microstructure of the molybdenum metal is included in
Fig. 6.

Figure 5 Typical ball indentations from .76 mm diameter ball.

5. Results and discussion
Fig. 7 shows a comparison of the true-stress versus true-
strain curves at various temperatures obtained from
the ABI tests. A systematic increase in the flow stress
with decrease in temperature is clearly noted. The basic
premise in the application of ABI technique is that the
material behaves similarly under tensile and compres-
sive loading. The yield stress, ultimate tensile strength,
and the work hardening parameters of the material are
evaluated from the flow curve. Figs 8 and 9 show the
variations ofn and K with temperature.n showed a
marginal increase with increasing temperature. On the
other hand,K decreased continously with increasing
temperature over the entire range of values.

The variation of ultimate tensile strength with tem-
perature is shown in Fig. 10. UTS decreased drastically
with increase in test temperature; the reduction was by
a factor of 3 over the temperature range from 148 to
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Figure 6 Microstructure of molybdenum in the as-received condition (magnification 100X).

Figure 7 Effect of test temperature on the true-stress true-strain curve.

Figure 8 Increase in strain hardening exponent with temperature.

423 K. The tensile and impact properties of molybde-
num are known to depend strongly on the composi-
tion, product form and processing conditions [12, 13].
Hence, a comparison of the present results with pub-
lished data from conventional tensile tests, although

Figure 9 Decrease in strength coefficient with temperature.

Figure 10 Variation of UTS with temperature.

scarce, is not easy. Ultimate tensile strength values as
low as 500 MPa to as high as 1050 MPa have been re-
ported at room temperature depending upon the purity
levels and processing conditions [12]. The present ABI
tests yielded a value of 730 MPa which is comparable
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Figure 11 Variation of IEF with temperature.

with the published values, especially about 700 MPa
reported for bar products at room temperature in the
Metals Handbook [13].

Fig. 11 shows the variation of IEF with temperature
over the range of temperatures from 148 to 423 K. In
the calculation of IEF, a value of 1075 MPa has been
chosen for the true stress to fracture. Fig. 11 clearly
demonstrates that the newly developed ABI energy pa-
rameter delineates the ductile to brittle transition which
is expected in bcc metals such as molybdenum. The
transition occurs in the temperature range of 223 to
298 K. It may however be noted that IEF has units of
millijoules per sq.mm unlike Charpy energy which has
units of Joules. The data at and beyond room tempera-
ture are shown with dashed lines to emphasize the fact
that in the upper shelf region, the critical fracture stress
model is not valid and one needs to incorporate a critical
fracture strain criterion [14]. In the absence of reliable
published data on the variation of impact energy with
temperature, comparison of the transition region with
Charpy data has not been carried out.

6. Conclusions
Automated ball indentation technique is an excellent
non-destructive tool for characterizing the tensile and
fracture properties of materials. The effect of tem-
perature on tensile strength, strain hardening expo-
nent and strength coefficient for bcc molybdenum have
been clearly noticed from ABI tests. Ductile to brittle
transition has been observed based on the variation of
indentation energy to fracture with temperature. These

studies suggest that ABI is a very reliable and non-
destructive method to monitor shifts in ductile to brit-
tle transition temperature of materials due to changing
metallurgical conditions or service exposures.
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