HW3 SOLUTIONS
Problem 2 (20 points)

What are the significant changes in materials behavior when the microstructure of the material is altered to
possess a nano-grained structure? Briefly describe in terms of:

(2)

(b)

(©)

(d)

(e)

S

elastic behavior (2pts)

Refer to slide #36 of lecture 1: Generally, the (smaller the grains the smaller the value of the
elastic (E) and shear (G) moduli (E, G | as grain size |). This effect though can depend on many
other materials properties i.e. porosity) that can superimpose their action.

Some rough examples for different materials, assuming no porosity:

Materials E (Elastic Modulus) [GPa]
Cu (Bulk) 130
Cu (nanograins of ~200nm) 115
Cu (nanograins of ~20nm) 107
Ni (Bulk) 221
Ni (nanograins of ~17nm) 217
Pd (Bulk) 123
Pd (nanograins of ~8nm) 88

mechanical strength (2pts)

(1 as grain size |) [Hall-Petch (HP) or Inverse Hall Petch?] mo_n ot k d %
! o=lattice friction, k, = HP slope, d=grain size Y Y

ductility, (2pts

Generally, ductility increases as grains become nanosized. Superplasticity is reported in metals.
Metals with nanostructure as a consequence are also more prone to creep.

toughness, (2pts)

Generally reduced grain sizes cause higher fracture toughness. This, besides in many metals, is
seen also in certain ceramics: for them generally fracture occurs only on certain crystallographic
planes, the presence of nanograins, and therefore of a lot more grain boundaries force fracture to
Zig-zag more.

ductile brittle transition (2pts)

The ductile-to-brittle transition (present at certain temperatures or strain rates) is suppressed by
reduced grain sizes.

diffusion (2pts)

Because of the presence of so many more grain boundaries (going from a grain diameter of 10

micrometers to 10 nanometers the GB area increases by 10°), diffusion is reported to be 3-5 orders of
magnitude faster as compared to coarse grained materials. In nanostructured materials, indeed, we can
ignore bulk diffusion and assume

(g) magnetic properties (2pts)



- In nanoparticles we have commonly the presence of superparamagnetism. In nanostructured materials
though, the presence of grain boundaries tends to impede the movement of the magnetic domains (refer
to exchange correlation effects and magnetic walls). Generally, above a certain threshold level (10-
20nm in grain size), materials switch from being multi-domain (at larger grains) to single domain (at
grains smaller than the threshold).

(h) thermal conductivity (2pts)

- It is reduced by the presence of grain boundaries, so the thermal conductivity | as grain size |

(i) electrical conductivity (2pts)

- Similarly to the case in (h) nanograined materials present higher electrical resistivity (therefore lower
conductivity).

(j) field emission (in nanostructures) (2 pts)

- 1 as nanostructures tip size |. This is because the current density of emitted electrons is inversely
proportional to the radius of curvature of a given emitter tip.

Problem 3.
SOLUTION
The function which describes the cone shape is
f(r) =rcot! ,orusing the dimensionless coordinate x = r/a, )
f (X) = (acoty )X, and so we have (10)
f'(x) =acoty . (11)

From Eq. 6 we find that the mutual approach or displacement is
JT
h=5acottp, (12)

The load required to effect this penetration is

1 2
PzzErazcot# X dx (13)
ov1! x2

Using the transformation X = sin t, integrating by parts, and evaluating the result at the appropriate limits of
integration yields

/
P:'EErazcot" . (14)

Egs. 12 and 14 may be combined to eliminate the contact radius and get an expression for P in terms of h,



2
=~ E:(tany)p’, (1s)

thus revealing that P is proportional to h*. If the indenter is rigid, then the contact depth, he, is f(x)
evaluated at the radius of contact (X = 1) which yields h, = acot ”. Comparing this expression with that for
the total penetration depth, we see that for elastic contact between a rigid cone and a flat surface, the
contact depth is less than the total depth by a factor of 2/# .

Problem 4.

4a:c

4b: c

4c:

It is very important to remember that in order to measure a hardness that is proportional to yield stress, the
contact must be fully plastic. For spherical indenters, the displacement required to initiate plasticity goes
directly as the tip radius [Hertz (1896)]; so, the smaller the tip radius, the shallower the depth at which one
can measure a hardness that is proportional to yield stress. This is why sharp pyramids, such as the
Berkovich indenter, are often preferred for low-load indentation testing. Although all real indenters are
rounded at some small scale, tip rounding on Berkovich pyramids is usually limited to 100 nm, and so
plasticity initiates at very small loads. Because the Berkovich pyramid imposes nominally the same strain
as the more traditional Vickers pyramid, hardness data taken with a Berkovich pyramid Hg may be directly
converted to the more traditional Vickers hardness (VHN). Most commercially-available IIT machines
quote hardness in terms of force per unit projected contact area (usually GPa) while VHN are usually
quoted in terms of mass per unit actual contact area (usually kg/mm?). Under these circumstances, the
conversions are given by

! a2
VHNﬁ§ - 94.590,%-?! H[GPa] and

m*# &N 3

4. & kg #
Hg[GPa]- 0.0105%1 VHNg 1.
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