where N_ is the number of intersections with dislocations, L is random line length and t is the foil
thickness.

X-ray diffraction was carried out using a Philips PW 1130 (40kV, 25mA) diffractometer to identify the
volume fraction and carbon content of retained austenite in the TRIP steel [14].

Atom Probe Tomography (APT) analysis was carried out using the local electrode atom probe (LEAP)
at the University of Sydney's Electron Microscopy Unit. The standard two-stage electropolishing
procedure was used to prepare atom probe specimens [15]. The local electrode atom probe was
operated at a pulse repetition rate of 200 kHz, a 0.2 pulse fraction and with a sample temperature of
80K.

Results
Mechanical properties after processing and bake-hardening treatment

Both steels demonstrated a good combination of mechanical properties and continuous yielding
behavior in as-received condition (Figs. 1a, b). The bake-hardening treatment caused the appearance
of upper and lower yield points on the stress-strain curve of the DP steel, while the stress-strain
behavior of the TRIP steel was continuous (Figs. 1 a, b). Moreover, the yield strength in the DP steel
after BH increased ~ 150MPa over the as received condition, while the yield strength values for the
TRIP steel were similar before and after heat-treatment (Figs. 1a, b). The total elongation values for
both steels showed a slight increase (Figs. 1a, b). The strain-hardening rate curves after processing
showed a continuous exponential decrease for both steels (Figs. 1c, d). The DP steel after bake-
hardening treatment had a sharp rate of change, with evidence of a discontinuity (eg. local minima),
while the strain hardening rate curve for the TRIP steel still showed a smooth, continuous decrease
(Figs. 1c, d).
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Fig. 1. Representative stress-strain curves (a, b) and variation of strain-hardening rate with true strain
(c, d) of the DP (a, c) and TRIP steels (b, d).



TEM characterisation after processing and bake-hardening

The microstructure of the DP steel consisted of ~ 75+5% polygonal ferrite with a grain size of ~
9+1.9um and ~ 15+4% martensite (Fig. 2a). TEM also revealed the presence of a small amount of
bainite and retained austenite. The dislocation density of polygonal ferrite in the DP steel was lower
than the TRIP steel (Table 2). Despite this fact, the polygonal ferrite areas in the vicinity of martensite
displayed an increase in the dislocation density to 5+0.8 x10*m™ (Table 2) caused by the stress
propagation of the martensite into the soft ferrite matrix associated with the volume increase when
martensite forms (Fig. 2b). The microstructure of the DP steel was also characterized by a large
number of fine and coarse FesC carbides in the ferrite matrix and along single dislocations or on the
dislocation pile-up in the ferrite matrix (Fig. 2c).
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Fig. 2. TEM micrographs of studied steels after intercritical annealing: (a) DP steel microstructure after
intercritical annealing, (b) formation of mobile dislocations at the martensite/ferrite interface indicated
by arrows in the DP steel, (c) FesC carbides (indicated by arrows) in the ferrite of DP steel
([101],//[101],), (d) representative TRIP steel microstructure after intercritical annealing, (e) retained

austenite in ferrite of TRIP steel (zone axis is [12§]y) and (f) TiC carbides in the TRIP steel (zone axis
is [001]). PF is polygonal ferrite, M is martensite, RA is retained austenite.

Table 2. Microstructural characterization of the dislocation structure in polygonal ferrite.

DP TRIP
average ferrite/martensite interface average
Dislocation Density, x10*m™ 0.9620.04 5+0.8 1.75+0.09
Average Distance petween 30928 20020 189420




The microstructure of the TRIP steel was ~ 70+3% polygonal ferrite and ~20+3% retained austenite
with an average carbon content of 5+0.02at%. The other main phases in the microstructure were
bainite and martensite (Fig. 2d). The polygonal ferrite of the TRIP steel had a higher dislocation
density than ferrite in the DP (Table 2) and a grain size of 4+1.5um. The retained austenite appeared
to be in the form of a martensite/retained austenite constituent between the bainitic ferrite, or as
islands between the polygonal ferrite grains (Fig. 2 e). Carbon replica technique revealed the
formation of TiC in the microstructure of the TRIP steel (Fig. 2 f) with a cubic lattice structure and a
lattice parameter of a=0.424nm.

The TEM study of the DP steel after bake-hardening treatment revealed an increase in number of
FesC carbides in the polygonal ferrite and formation of fine Fe;C carbides in martensite (Figs. 3 a, b).
The X-ray study of the TRIP steel after bake-hardening treatment showed a slight decrease in the
volume fraction of retained austenite. TEM microanalysis on the bake-hardened TRIP samples did not
reveal significant microstructural changes compared to the as-received condition.
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Fig. 3. TEM dark field image of Fe;C carbides (zone axis is [105]) in martensite (a) and bright field
image of FezC in ferrite (zone axis is [101]) of DP steel after bake-hardening treatment.

APT characterisation of steels after processing and bake-hardening treatment

The APT study of the DP steel revealed the presence of two main regions: (i) carbon-depleted region
with an average carbon content of 0.06+0.003at% and an Si average content of 2.3+0.02at% and (ii)
carbon-enriched region with an average carbon content of 2.8+0.02at% and an Si average content of
3.410.02 at% (Table 3).

Table 3. Chemical composition of phases in the DP steel after intercritical annealing, at%.

C Si Mn
Ferrite 0.06%0.003 2.3+0.02 0.97+0.01
Martensite 2.8+0.2 3.4+0.02 1+0.01

Since the microstructure of DP steel predominantly consists of ferrite and martensite, it was assumed
that the carbon-enriched region represents martensite, while the carbon-depleted region represents
ferrite. The levels of Si and Mn were higher in martensite than in ferrite (Table 3). Since the retained
austenite and bainite volume fraction in the DP steel was relatively low, they were not detected using
APT technique.

The TRIP steel has a more complex microstructure with the presence of ferrite, retained austenite,
bainite and martensite. However, the APT analysis was concentrated on the study of retained
austenite and ferrite as the main phases. Based on the phase compositional analysis obtained from
APT data and calculation using the number of atoms, it appeared that the average carbon content of



retained austenite was 5.2+0.01at%, which is close to the carbon content estimated using X-ray, while
the average carbon content of ferrite was 0.02+0.01at% (Table 4). The APT also showed the
homogeneous distribution of Mn and Si within the retained austenite and its higher contents in
retained austenite than in polygonal ferrite (Table 4). The carbon content of ferrite in the TRIP steel
was lower than in the DP steel.

Table 4. Chemical composition of phases in the TRIP steel after intercritical annealing, at%.

C Si Mn
Ferrite 0.02+0.01 3.9+0.04 0.9+0.03
Austenite 5.2+0.01 4.4+0.05 1.2+0.03

The several atom maps of the DP samples after bake-hardening at 175°C for 30 min showed the
carbon-enriched region around the dislocations in the polygonal ferrite (Figs. 4a). The concentration
profiles across the dislocations showed an increase in average carbon content around the dislocation
to 0.1+0.05at% with maximum level of 0.8+0.02at% (Fig. 4c), while the concentration of Si and Mn did
not vary.
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Fig. 4. Representative atom map of carbon segregation around dislocation (a) and corresponding
carbon concentration profile across the dislocation line (b). Analysed volume contains 6318154 atoms.

APT confirmed the decomposition of martensite with formation of Fe carbides, which was observed by
TEM (Figs. 5a, b). The compositional analysis revealed that the average composition of carbides is
21+2at% of carbon, 2.6+0.01at% of Si and 1.3+0.01at% of Mn.

Fig. 5. APT characterisation of martensite in the DP steel after bake-hardening treatment: (a) C, Si,
Mn atom maps, (b) 6at% C iso-concentration surfaces. Analysed volume contains 3354460 atoms.



The compositional analysis of polygonal ferrite in the TRIP steel after bake-hardening did not reveal
any compositional changes. However, some of the retained austenite crystals showed the segregation
of carbon along the dislocations with an average increase in the carbon content from ~ 5.2at% to 5.8at
% , while the distribution of Si and Mn remained constant (Fig. 6).
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Fig. 6. C, Si and Mn atom map of retained austenite in the TRIP steel after bake-hardening treatment.
Analysed volume contains 8727188 atoms.

Discussion

The increase in yield strength (-~ 150MPa) after a single bake-hardening treatment and the
appearance of the upper yield point was only observed in the DP steel. Moreover, only the DP steel
displayed a local minima in the work hardening rate (Fig. 1c). The presence of the upper yield point in
the bake-hardened DP steel is evidence of dislocation pinning in the ferrite during the baking
treatment. Furthermore, the strain-hardening rate behavior of the DP steel appears to be sensitive to
the pinning of the mobile dislocations in the ferrite matrix.[11, 16] Hence, the transition from a
continuous behavior of the strain-hardening rate curve of DP steel after processing to the
discontinuous behavior after BH could be due to the formation of Cottrell atmospheres that pin the
mobile dislocations in the ferrite.[11] However, the average dislocation density of ferrite in the DP steel
is lower than in the TRIP steel, so a more pronounced BH effect would be expected in the TRIP steel if
the same carbon content exists in the ferrite. However, APT showed that the carbon content of ferrite
in the DP steel was significantly higher than in the TRIP steel in spite of higher number of FesC
carbides in the DP steel due to the lower Si content than in the composition of TRIP steel. This is
probably due to the difference in the temperatures of polygonal ferrite formation in these two steels
and the formation of high temperature TiC carbides in the TRIP steel. Moreover, the formation of a
high volume fraction of ‘as-quenched” martensite in a soft polygonal ferrite matrix of the DP steel
during quenching led to the formation of the plastic deformation zones with a much higher local
dislocation density (Table 2) in the ferrite matrix surrounding the martensite than in the rest of the
ferrite matrix. Based on the APT study, it appeared that the carbon can segregate to dislocations
during bake-hardening in the DP, which is due to the high carbon content of the ferrite. Moreover,
since an increase in dislocation density was observed at the martensite/ferrite interface, the carbon
may partition from martensite to surrounding ferrite with high dislocation density during treatment due
to the supersaturation of martensite with carbon. In this case, it is possible for solute carbon to lock
dislocations in these local regions leading to the appearance of the upper yield point. The enrichment
of ferrite in Si as Si is ferrite stabilizer correlates well with the recent finding [17].



For the DP steel there was a permanent increase in ultimate tensile strength. It is suggested that this
could be due to the additional formation of fine Fe;C particles in the ferrite as observed by TEM and in
martensite as observed by APT after BH.

For the TRIP steel, the mechanical properties after BH were similar to the as-received (Fig. 1b). The
strain-hardening rate and exponent curves also showed similar behaviors (Figs. 1d). The X-ray study
of the TRIP steel displayed a slight decrease in the volume fraction of retained austenite during BH.
However, the retained austenite that remained in the microstructure after BH had a higher carbon
content than the average after processing that increases the chemical stability of retained austenite.
Moreover, based on APT study, carbon in the retained austenite crystal can segregate along the
dislocation and this could also affect the strain-induced transformation of retained austenite.

Conclusions

The microstructure-property relationship in TRIP and DP steels after intercritical annealing and bake-
hardening has been analyzed using TEM and APT. The most important findings from this research
have been that:

1. The increase in yield strength of DP steel after bake-hardening was most likely due to the
higher carbon content of the ferrite matrix and the formation of the plastic deformation zones in
ferrite at martensite/ferrite interface that were saturated with carbon;

2. The BH treatment leads to the formation of Fe;C carbides in the martensite of the DP steel and
the retained austenite crystal defects can be saturated with carbon during bake-hardening of
the TRIP steel.

References

Y. Sakuma, O. Matsumura and H. Takechi: Metall. Trans. A, 22A(1991), 489.

V.F. Zackay, E.R. Parker, D. Fahr and R. Bush: Transactions of the ASM, 60(1967), 252.

A.H. Nakagawa and G. Thomas: Metall. Trans. A, 1985, vol. 16, pp. 831-40.

O. Matsumura, Y. Sakuma and H. Takechi: Trans. ISIJ, 1987, vol. 27, pp. 570-79.

M.S. Rashid: Formable HSLA and Dual-Phase Steels, 1979, vol. 244, pp. 1-24.

O. Matsumura, Y. Sakuma and H. Takechi: Scripta Metall., 1987, vol. 21, pp. 1301-06.

G.R. Speich, V.A. Demarest: Metall. Trans. A, 1981, vol. 12A, pp. 1419-28.

L.J. Baker, S.R. Daniel and J.D. Parker: Mat. Science and Tech., 2002, vol. 18, pp. 355-68.

A.H. Cottrell and B.A. Bilby: Proc. Phys. Soc., 1949, vol. A62, pp. 49-62.

0. T. Senuma: ISIJ Int., 2001, vol. 41, No 6, pp. 520-32.

1. T. Waterschoot, A.K. De, S. Vandeputte and B.C. De Cooman: Metall. Trans. A, 2003, vol. 34,

pp. 781-91.

12. I1.B. Timokhina, P.D. Hodgson and E.V. Pereloma: Metall. Trans. A, 2007, vol. 38, pp. 2442-
2454,

13. P.B. Hirsch, R.B. Nicholson, A. Howie, D.W. Pashley and M.J. Whelan: Electron Microscopy of
Thin Crystals, Butterworths, London, 1965, pp. 51-4.

14. B.D. Cullity: “Elements of X-Ray Diffraction”, Addison-Wesley Publishing Company, Inc.,
London, England, 1978, pp. 411-415.

15. M.K. Miller, Atom Probe Tomography, New York (NY), Kluwer Academic/Plenum Press, 2000.

16. T. Huper, S. Endo, N. Ishikawa and K. Osawa: I1SIJ Int., 1999, vol. 39, No.3, pp. 288-94.

17. E.V. Pereloma, I.B. Timokhina, M.K. Miller, P.D. Hodgson, Acta Materaila, vol. 55, 2007, pp.
2587-2598.

RROOo~NOO~WNE



